Design and fabrication of a trace contaminant removal system for Apollo  Phase I report, 1 Sep. 1964 - 15 Mar. 1965 by unknown
II
I
2E
M-58-65-1 . 15 MARCH 1965
DESIGNANDFABRICATIONFA TRACE
CONTAMINANTREMOVALSYSTEMFORAPOLLO
PHASE I REPORT PREPARED FOR
NATIONAL AERONAUTICSAND SPACE ADMINISTRATION
CONTRACT NAS 9-3415
GPO PRICE $,
CFSTI PRICE(S) $,
IIOASTRONAUTII
Hard "copy (HC),,
Microfiche (MF)
ffes3 _es
M I S S I L E S and S P A'C
LOCKHEED At RCRAFT COF_'POR AT | ON
DIVI_!CN
SUNNYVALE. CALIF.
8
https://ntrs.nasa.gov/search.jsp?R=19660011718 2020-03-16T22:35:00+00:00Z
M- 5S-65- 1
F f)R EWOR D
This report sets forth the work accomplished between 1 September 1964 and 15 March
1965 by the Lockheed Missiles & Space Company (LMSC) under Contract NAS 9-34!5,
.,_ ........ .i _t. .......... $3 AI•-,_:o.s,, ,_,iu ,a,_,,,,-aL,, ,,, u, A Trace _u,Lum_"............. ,art Removal ,stem For )ollo. ""
The work reported herein constitutes Phase I of a two-phase program conducted for the
Life Support Systems Section, Crew Systems Division, of the NASA Manned Spacecraft
Conter.
The Phase I effort, under the direction of Mr. J. M. Smith as LMSC Proi.q'am Mana-
ger, encompassed theoretical and experimental efforts in sorption and catalysis;
engineering analysis, optimization, and prototype hardware design; and test planning
for final evaluation of the hardware produced under this contract.
Drs. A. J. Robell and F. G. Borgardt, under the direction of Dr. E. V. Ballou, were
responsible for the classification of contaminants, screening of candidate sorbents and
catalysts, and for the development of data required for system design.
Messrs. R. H. Nemeth, R. B. Maine, R. W. Joy, and E It. Kawasaki, under the
direction of Mr. T. M. Olcott, were responsible for the engineering analysis, optimi-
zation, and design of the prototype hardware, as well as for the preparation of the
Phase II test plan.
Mr. Murline Owen of the Crew Systems Division was project monitor for the Manned
Spacecraft C enter.
Phase II of this program will involve the fabrication and experimental evaluation of the
prototype trace contaminant control system described herein.
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ABSTRAC T
Eighty-eight potential spacecabin trace contaminants were classified according to
method of removal. Candidnto ._orhont_ _nrt o_tnlvef_ u.*-,-,, _,_l,_ot,_,t .,n_l e,,I,j_,,_*,_,! *_,
c.xperimental evaluation. A Poianyi "'potential plot" for the predicti_)n of charcoal
adsorption was developed experimentally, under Apollo cabin atmosphere conditions.
Acidic and basic sorbents, a solid oxidant, and catalysts were experimentally evalu-
ated for removal and/or conversion of contaminants shown by the potential plot not to
be adsorbed on a specified amount of charcoal. Experimental data described above
were used to develop an optimum contaminant removal system. This system was
designed in detail, and test planning was accomplished in sufficient depth to begin the
second phase of the program. Phase II will encompass the building and experimental
evaluation of prototype hardware.
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I.\TII()I)ITCTI(}X ANI) SUM .MARY
1. 1 INFIIODUCTION
In the event that the build-up ol ;ttm,.:spb.eric trace c_mtamic,.|nts l_l the ..\p, di_ (luring
a tx\_-week fliKht becomes a hazard, it will bt. necessary to pr,)vi_h' a s\stcm to
l-OnlOVe a_l(t_",_r control at acceptable levels the ¢'ontanlillallts pl'_ti_lct'(t duri_lg these
fli,_,.hts. The limited data on sources of contaminants, identity, -cncrathm rates, and
threshold values as related to spacecraft atmospheres stmlewhat impede the dt, vel_t)-
meat of such a system; but since an unte,mblc delay _,mht result iI this devcl,_pment
effort was postponed until extensive data are accumulated, it is necessary t_ initiate
a program for system deveh_pment based largely on inlormation prcsently available.
The objective of this program is to synthesize, desi-m, labricate, ftrltl test a func-
tional prototype contaminant control system capable of being inte,...n';Hed with lite Apollo
environmental control system.
1.2 SUMMARY
The program has been divided into two phases. Phase l, reported herein, covers
(1) the classification of contaminants according to method of rem_val, (21 the selection
and screening of candidate sorbents and catalysts, (3) the acquisili,m of experime|md
data to support the analysis and tlesi_,m activities, (4_ the amdysis, optimization, anti
design of the prototype contaminant control system, and (5) the planning of an experi-
mental progTam to evaluate the prototype hardware.
Phase II x_ill involve the fabrication and ev_duation of the prototype.
Figures 1-1 and 1-2 depict, respectively, tile major milestones and the I_MSC per-
sonnel respcmsible for various aspects of the proi._'am.
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Fig. 1-2 Organization and Key Personnel
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St-c t ion 2
SYSTEM IiEQ UIIit'.M t-."NTS-
".1 (;ENEI!),I.
Thc c.m_t:lminantcontrol system shall be designed to intcgrale wi!h thc .'\p,,ll, J t.nvir_n-
mental ec, ntrol system and to c_mtrol the tr:tce c(mtaminants in the spacecraft teal,in
fret', w,lume (,f 210 ft 3) beh)w the levels specified in Table 2-1 for a mininmm peri_M
of fourteen days.
The ct)ntanmmnt control system sh:dlbe capable of,,peratitm in an almospht.r_. ,,! !(I, I,cr-
cent oxTgen at 5 psia. In normal operation, the system shall be capabh. (,f controlling the
contaminants in a simulated spacecraft atmosphere under the conditions and within the
limits described in Subsections 2.2. I through 2.2.4. During an "upset" condition the
system shall reduce the contaminants fl'om the levels shown in Subsection ;. 2.5 tc_ the
St):ieec:tbin Maximum Allowable Concentration (SMAC) levels within :i I)cri,M ,,f f(,u," h_,ur_
The c(mtaminant control system shall be designed: (1) to remove and. c_r convert 1,.,
innocuous products the trace contaminants shown in Table 2-1, (2) to prevent the f,),'-
mation of toxic compounds, (3) for m;tximum utilization of heat generated _ithin the
system, and (4) for reduction of heat rejected to the atmosphere.
The prototype should reflect the design of a flight system for minimum total weight in
orbit for a two-week mission with a prover penalty' of 0.77 lb/kw-hr. The system shall
be designed to withstand and function under expected (_rbita[ mission t.'nvironmcpts with
the exception that only system integrit2,', not operation, is necessary und,,r the con-
ditions of launch vibration or cabin decompression.
*Taken from NASA Work Statement, RFP MSC-64-1312-P.
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Table 2-1
MOLECULAR WEIGItT AND SMAC* FOR SPACECABIN CONTAMINANTS
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
No Contaminant
Acetone
Acetaldehyde
Acetylene
Allyl Alcohol
Ammonia
Amyl Alcohol
Benzene
n- Butane
Butene- 1
cis- Butene-2
Chloroacetone
Chlorobenzene
Caprylic Acid
Chloropropane
Cyclohexane
Molecular
58.08
44.05
26.04
58.08
17.03
88.15
78.11
58.12
56.10
56.11
11
12
10
10
13
01
94
53
56
20
54
16
2O
04
20
20
17
10
09
07
10
00
05
00
20
trans-Butene-2 56.
n-Butyl Alcohol 74.
Butyraldehyde 72.
Butyric Acid 88.
Carbon Disulfide 76.
Carbon Monoxide 28.
Chlorine 70.
92.
112.
144.
78.
84.
Cyclohexanol 100.
Cyanamide 4 2.
1, 1,-Dimethylcyclohexane 112.
Trans 1-2, Dimethylcyclohexane 112.
2, 2-Dimethylbutane 86.
1, 4-Dioxane
Dimethylhydr azine
Ethyl Alcohol
Ethyl Acetate
Ethylene Dichloride
Ethylene
88.
59.
46.
88.
97.
28.
Ethylene Glycol 106.
Trams-l, Me-3 ethylcyclohexane 126.
*Spacecabin Maximum Allowable Concentration
SMA?3
(_mg/m)
63.0
47.3
28.0
1.0
7.0
72.0
16.0
26.5
60.4
60.4
60.4
60.0
77.5
94.8
12.0
22.0
0.6
99.5
70.0
155.0
84.4
92.0
40.0
45.2
120.5
120.5
92.5
72.0
0.2
50.0
92.0
40. O
31.0
114.0
117.0
2-2
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Table '2-1 (Cont'd.)
!
No. t
3(; I
I
q7
, 39 i
a0 1
41
42
4:3
44
45
46
47
-t b
49
5(I
51
52
5:1
54
OD
56
57
5b
59
t30
t31
62
63
64
65
66
67
68
139
70
71
72
73
74
_D
76
77
78
Contain inant
Moic,'ula v
Weight
Ethyl Sulfide
Ethyl Mercaptan
Frt:on- i I
Freon-12
Freon-22
Freon-23
Freon- 114
Freon-114 Unsym.
Freon- 125
Formaldehyde
Hydrogen
ttydrogen Chloride
tlydrogen Fluoride 20.
Hexene- 1 _4.
n- Hexane _6.
I texamethylcyclot risiloxane 223.
ltydrogen Sulfide 34.
90. 1_
62.10
13_. O0
! 2(b. 90
$6.4_
70. O0
170.90
170.90
120. O0
30. O0
2. O2
36.47
01
16
17
5O
06
Indole
Isopropyl Alcohol
Isobutyl Alcohol
Methylene Chloride
Methyl Chloroform
Methyl Ethyl Ketone
Methyl lsopropyl Keytone
Methyl Alcohol
3- Met_'l Pentane
Methane
Mono me thy lhyd razine
Methyl Mercaptan
Nitric Oxide
Nitorgen Tetroxide 92.
Nitrous Oxide 44.
117.10
60.09
74.12
84.94
133.00
72.10
q6. 13
32.00
_;. 17
16. (ut
46.07
4b. lO
30.01
02
02
Propylene
Isopentane
n- Pentane
Propane
n- Propy lacetate
Propyl Mercaptan
Phenol
Skatole
Sulfur Dioxide
Toluene
Trichloroethylene
42.0_
72.15
,_.15
44.10
102.10
7_i. 15
94. 11
131.20
64.07
92.00
131.40
97.0
10.4
117.0
9:: 5
75 (_
1 ,al (t
1 ,',4 0
_o 0
I 0
215 o
I t
90.5
:_4.6
"40. 0
6 0
126 t}
64 5
92 (t
143 (*
77 4
..) 6
34 4
172o. 0
3_. -;
1
47 -t
-t5 "2
77 5
77 5
47 4
l(i_ 0
5Z. 0
141._*
"2.6
,1,!.
1{_i. t}
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Table 2-1 (Cont'd.)
No.
79
80
81
82
_3
84
85
86
87
88
Contaminant
Tetrachloroethylene
1, 1, 3-Trimethylcyclohexane
Tetr afluoroethy lene
Freon-21
Va!eric Acid
Vinyl Chloride
Vinylidene Chloride
m-Xylene
o-Xylene
p-Xylene
Molecular
Weight
165.90
126.20
100.02
102.90
102.00
62.50
97.00
106.20
106.20
106.20
SMAC
(mg/m 3)
134.0
136.0
108.0
110.0
110.0
67.0
104.0
174.0
174.0
174.0
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'2.2 CONTAMINANT LEVELS AND GENERATION RATES
The following contaminant levels and rates have been derived from presently available
data and are intended only for the design of the trace contaminant control system for
the Apollo vehicle. In listing these requirements hydrogen and methane arc considered
as specific contaminant cases and are thus treated separately from the other trace con-
+_"-_*_,,,,,,,,_._. In the _Lo_owmg''-- " discussion a distinction is made between Industrial Thres-
hold Limit Values (TLV)and Spacecabin Maximum Allowable Concentrations (SMAC),
when referring to contaminant levels. The Industrial Threshold Limit values to IJe
used are those set by the American Conference Governmental and Industrial Hygienists
(ACGIH) in their 1963 listing.
2.2.1 Individual Contaminant Levels
The individual contaminant SMAC levels (exclusive of hydrogen and methane) shall be
one-fifth the TLV value or a partial pressure of 0.02 mm ttg absolute (whichever is
less), with the additional requirement that the sum of the individual concentrati(,ns of
contaminants in an atmosphere shall not exceed a partial pressure of 0.02 mm tt_;
absolute.
2.2.2 tlydrogen and Methane Levels
The _L_,C level for either hydrogen or methane shall be a partial pressure of z. 0 mm
Hg absolute with the additional requirement that when both are present in an atmos-
phere, the sum of the individual concentrations shall not exceed a partial pressure of
2.0 mm Hg absolute.
2.2.3 Contaminant Generation Rates
The nominal total contaminant generation rate (exclusive of H? and CH4) shall he (;. 5
gm/day. Contaminant mixtures used for the te_ting and evaluation phases of the program
shall be a combination of represent_ti_ c, gases and vapors (exclusive of tt,)_ and CIi4)
taken from the list presented in Tabh. z-1 to equal the tot:_l gen_,r_,tion rate of 6.5 gm,dax.
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2.2.4 Hydrogen and Methane Generation Rates
For hydrogen and methane the maximum individual generation rates shall be 1.1 gm-
moles/day (2.2 gm/day of hydrogen and 17, 6 gm/day of methane). In cases where
hydrogen and methane are generated c.oneurrently, the sum of the individual generation
rates shall total 1.1 gm-moles/day.
2.2.5 Upset Conditions
An upset is defined as the condition in which a contaminant (exclusive of CH 4 and H2)
in the spacecabin suddenly increases to the TLV limit or a partial pressure of 0.1
mm Hg absolute, whichever is less. For hydrogen and methane this condition is
described as a sudden increase from the levels listed in Subsection 2.2.2 to a partial
pressure of 5.0 mm Hg absolute.
O
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Tltl:3 )RETICA 1. C 1 ASSIFIC:\TI()N ()I," C(.)NTAMIN..kNTS =
::.! (;F.',cEP,A I.
The -_ c,)ni,tminants listed in Table " 1 were cl:tsslfied with resp(:(_l t,; the b);l,,,:ing
)nt.th, ,d s , ,f re n-:. ,v:, !.
• Ads,,ri>ti,)n on a highly t)()rous ads,)rt_'nt
• Ahs,,rption (m an a('idie sortx_nt
• At)s()rpti(m on a 1):tsi(' sorlxmt
• Cata:,ytic oxidati(m
O
This was d(mt. in order to (1) allow an assessment t(, I)t. made ()f the c(mtamin:mt
rem_,vai capatulity ,)f the existing Alx)llo environmcntal control system. (2) pl'eti,(el
the :vtditi()nal equipment and materials rt_quired to satis_" a spvcified cantam)n:tn!
rem,,val l(md, and (;;) assist in the selection of "representative" c,mtamin:tnts for
ext,(rrimental exaluation of contaminant removal equipment.
In the folimving- secli,ms the cont:mlin:ml classificati,m task is dcseril)(.d in m,,r_.
detail.
3.2 IIIGtlI.Y POROUS ADSORBENT
On a ehar('oat a(Isor]w.mt, the a(tsorl)tion capacity can I×. estimated using the t,,,tential
theorT**, which relates coverage to molar vc, lume and vapor pressure through tht,
lmrameter A
A --- T _"m log (Ps p)
*Based on w,,rk rel)ortcd in I.MSC Indt.pendent Researt.h Report 61-7-i:;2 :i2{)!. ls::si...
Studies in Trace Contamin:mt Removal, Mav 1965.
"'S. Brunauer, "Adsorption of Gases and Vapors, " Princ.(.t..)n Umversitv t)res. _. !.',-i.:
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where
T = temperature PS =
V = molar volume P =
m
saturation pressure
vapor pressure
A plot of adsorption capacity vs. "A" can then be made by using experimental or litera-
ture values. Since the plot of log volume adsorbed vs. "A" is a straight line in the
region of greatest interest, it is possible to construct Me line with a mi_fimum of experi-
.,_,,_ or ,,_=_ _L._ _ vamu_, in practice as many values as were available were used,
and the best curve was fitted to the data. This plot is presented in Fig. 3-1.
All the other contaminants of interest, no matter how many, can be placed on the line
by a determination of their "A" values. This generally, can be done from the litera-
ture, although sophisticated interpretation or extrapolation of the available data may
be necessary, including estimation of vapor pressure from critical constants. Values
of "A" for the 88 contaminants covered by this program are listed in Table 3-I. The
same contaminants are listed in Table 3-2 in order of decreasing retentivity on one
type of charcoal. Indole and Skatole are not listed because they are not in the vapor
phase at SMAC. Caprylic acid is not listed because ithas a negative "A" value,
indicating greater retentivity than that showm for hexamethylcyelotrisiloxane in Table 3-2.
3.3 ACIDIC SOB.BENT
The number of contaminants in this classification is limited to those not well adsorbed on
the highly porous adsorbent and which are reasonably strong bases or proton acceptors.
An acidic adsorbent, such as a nonvolatile acid dispersed on the surface of a porous
material, will then react in a typical acid-base reaction to form a nonvolatile salt of
the acid. Ithas appeared that ammonia and hydrazine derivatives will be removed in
this manner, both being sufficiently strong bases to react and form a nonvolatile salt.
Other organic nitrogen compounds may also be adsorbed if they have sufficient basicity,
although they may not be in this removal class because heavier molecules tend to be
well adsorbed on highly porous adsorbents. Contaminants expected to be removed on
an acidic sorbent are listed in Table 3-3.
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Table 3-1
"A" VALUES FOR USE WITH POTENTIAL PLOT
CONTAMINANT A (I) CONTAMINANT A (I)
Acetone
Acetaldehyde
Acetylene
Allyl Alcohol
Ammonia
Amyl Alcohol
Benzene
n-Butane
Butene- 1
cis-Butene-2
trans-Butene-2
n-Butyl Alcohol
Butyraldehyde
Butyric Acid
Carbon Disulfide
Carbon Monoxide
18.0
26.8
48.2
22.9
53.8
7.2
15.5
I_7 0
18.5
18.4
18.5
10.1
11.1
7.6
22.2
110.0
Formaldehyde
Hydrogen
Hydrogen Chloride
Hydrogen Fluoride
Hexen_- 1
n- Hexane
IIexarnethylcyclotrisiioxane
Hyd g _,.l#;a_ro en _Julll%_
Indole
Isopropyl Alcohol
Isobutyl Alcohol
Methylene Chloride
Methyl Chloro/orm
Methyl Ethyl Ketone
Methyl Isopropyl Ketone
Methyl Alcohol
Chlorine
Chloroacetone
Chlorobenzene
Caprylic Acid
Chloropropane
Cyclohexame
Cyclohexanol
Cyanam ide
1, 1-Dimethylcyclohexane
trans- 1, 2-Dimethylcyclohexane
2, 2-Dimethylbutane
I, 4-Dioxane
Dim ethylhydrazine
Ethyl Alcohol
Ethyl Acetate
Ethylene Dichloride
Ethylene
Ethylene Glycol
trans-1, Me-3, Ethylcyclohexane
54.5
12.7
8.8
(2)
15.7
10.9
7.9
17.6
6.7
6.5
10.3
16.1
23.1
19.8
12.0
17.0
41.9
6.6
5.8
3-Methyl Pentane
Methane
Monomethylhydrazine
Methyl Mercaptan
Nitric Oxide
Nitrogen Tetroxide
Nitrous Oxide
Propylene
Isopentane
n-Pentane
Propane
n- Propylacetate
Propyl Mercaptan
Phenol
Skatole
Sulfur Dioxide
Toluene
Trichloroethylene
Tetrachloroethylene
Ethyl Sulfide
Ethyl Mercaptan
Freon- 11
Freon- 12
Freon-22
Freon-23
Freon- 114
Freon-114 Unsym.
Freon- 125
10.2
23.2
21.9
21.8
28.1
40.0
14.4
16.1
24.7
1, 1, 3-Trimethylcyclohexane
Tetrafluoroethylene
Freon-21
Valeric Acid
Vinyl Chloride
Vinylidene Chloride
m-Xylene
o-Xylene
p-Xylene
(1) At lll°F and SMAC (spacecabin
(2) Negative
(3) Not vapor at SMAC
maximum
3-4
allowable concentration).
75.0
418.0
81.4
166.5
10.0
9.5
4.9
63.0
(3)
15.0
10.7
22.3
12.2
13.5
10.3
31.1
9.7
43.3
20.2
34.7
107.5
31.9
42.4
27.7
13.0
12.5
24.3
8.7
13.4
9.4
(3)
49.3
9.2
12.6
9.7
5.6
30.2
22.7
4.1
27.3
19.0
7.2
7.5
7.2
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Table .,-_""_
CONTAMINANTS LISTED IN ORDER OF DECREASING RETENTION
ON A tlIGttl,Y POROUS SORBENT
Contaminant
Hexamethy!cyclotrisiloxane
Vaieric Acid
Ethylene Glycol
1, 1,3-Trimcthylcyclohexan(,
Tetrachloroethylene
trans-l, Me-3 ethylcyclohexane
Butyric Acid
Trans 1-2, Dimethylcyclohexane
Cyclohexanol
Chlorobenzene
1, 1, -Dimethylcyclohexane
m-Xylene
p-Xylene
o- Xylene
2.2- Dim ethyl butane
Amyl Alcohol
Ethyl Acetate
Phenol
n- Propyl Acetate
Toluene
Methyl-Isopropyl-Ketone
n-Butyl Alcohol
Ethyl Sulfide
n- Hexane
3-Methyl Pentane
Identification
Number
=.
51
_3
34
79
35
14
26
23
19
25
86
58
87
27
6
31
74
72
77
59
I2
5O
61
Adsorption Capacity (gm/gin)*
-I
4.66 • 10
-I
2.5_ , J 0
3. 13 , l0 -!
-l
Z.._6 > 10
-1
"2.59 1 (}
-I
' 37 ,: 10
.ga.
-1
2.30 _ 10
-1
2. 13 :, 1(}
-I
2.1'- " ]0
2. 10 ): 10 -1
2.09 10-1
2.07 , 10-I
-I
2.06 .. 10
2.02 "_ 10 l
-1
1.92 _ 10
1.87 :- lO -1
-I
1. _G , 10
-1
l.b2 - l0
-1
1.68 > 10
-1
1.56 A 10
-1
1.40 :" 10
- 1
1.21 l0
1. 17 • 10 -1
-i
I. 12 14_
1.05 . 10 -]
*At SMAC and 317°K.
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Table 3-2 (Cont.)
Contaminant
Hexene- 1
Isobutyl Alcohol
Cyclohexane
Butraldehyde
Chloroacetone
Freon- 114
Methyl-Ethyl-Ketone
n- Pentane
IsoPentane
Freon-114 Unsym.
Benzene
IsoPropyl Alcohol
}.-,4- Dioxane
Chloropropane
Ethylene Dichloride
Cyanamide
Vinylidene Chloride
Acetone
n-Butane
Trichloroethylene
Methyl Chloroform
Propyl Mercaptan
cis-Butene-2
Butene-1
trans-Butene-2
F reon- 11
Ethyl Alcohol
Identification
Number
49
55
22
13
18
42
58
70
69
43
7
54
28
21
32
24
85
1
8
78
57
73
10
9
11
38
30
Adsorption Capacity (gm/gm)
1.01 × I0-I
1.00 × i0-I
0.97 × 10"I
_l
0.94 x l0 -
9.20 × 10 -2
7.78 × 10 -2
5.43 _ 10 -2
5.28 × 10 -2
-2
4.72 × 10
4.66 × 10 -2
3.51 x 10 -2
3.45 × 10 -2
3.41 × 10 -2
3.12 × 10 "2
3.02 × 10 -2
2.17 x 10 -2
1.56 × 10 -2
1.43 × 10 -2
1.38 × 10 -2
1.22 × 10 -2
-2
1.19 x 10
1.17 x 10 -2
1.01 × 10 -2
1.00 × 10 -2
0.91 × 10 -2
8.97 × 10 -3
7.10 x 10 -3
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Table 3-2 (Cont.)
Contaminant
Monomethylhydrazine
Freon-lZ
Methy!en-' Chloride
Identification
Number
Carbon Disulfide
F rcon-21
Allyl Alcohol
Freon- 125
Dimethylhydrazine
Ethyl Mcrcaptan
Propane
Freon-22
Acetalde, hvde
Vinyl Chloride
Propylene
Tetrafluorethylene
63
39
56
Nitrogen Tetroxide
Methyl Alcohol
Methyl Mercaptan
Freon-23
Methane
Nitrous Oxide
Ethylene
Sulfur Dioxide
Acetylene
C1Rorine
Ammonia
Hydrogen Sulfide
15
_2
4
44
29
37
71
40
2
84
68
81
66
60
64
41
62
67
33
76
3
17
5
52
Adsorption Capacity (gm/grn)
6.67 - 10 -3
6.54 10 -3
5.08 x 10 -3
_q
4.79 -: 10
-3
4.20 - I0
2.65 _, 10 -3
2.34 _ 10 -3
2. 19 _, 10 -3
2.02 _ 10 -3
O. 99 × 10 -3
6.22 >" 10 -4
5.48 _," 10 -4
5.33 × 10 -4
3. 16 :, 10 -4
3. 16 × 10 -4
].79 _ i0-4
1.27 - 10 -4
-5
3. _2 :. I 0
-5
1.52 _ 1 0
-5
O. 50 ". 10
-6
3.19 > 10
1.93 y 10 -6
3.30 _" 1 0 -7
-7
1.56 " 10
5.46 10 -S
4.t)5 * ]0
2. 16 - 10 -8
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Table 3-2 (Cont.)
Contaminant
Hydrogen Chloride
Formaldehyde
Hydrogen
Hydrogen F!oride
Nitric Oxide
Carbon Monoxide
Identification
Number
47
45
46
48
65
16
Adsorption Capacity (gm/gm)
1.20 × 10 -10
1.0 >" 10 -10
1.0 × i0 -10
1.0:_ 10
1.0 > 10 -10
-10
0.81 _: 10
3.4 BASIC SORBENT
A number of possible contaminants are in the class in which removal by a basic sor-
bent, such a lithium hydroxide, is anticipated. The acid ionization constant, or pk,
of the chemical species is a general guide to this class, if due allowance is made for
the possibility that available values from aqueous solution work may not be directly
applicable to the solid-gas reaction. Since LiOH is used as a quantitative adsorbent
for CO 2 , it was estimated that all species with pk values less than that of tl2CO 3 ,
namely 6.4, would react to form nonvolatile salts. This includes all the mineral acids,
SO 2 , and NO 2 . H2S is approximately as strong as H2CO 3 and should also be quan-
titatively adsorbed. Other weaker acids, such as phenol, alkyl mercaptans, and HCN
are doubtful and would have to be tested. It is also considered possible that the basic
adsorbent removes substances tha_ react through other mechanisms than acid-base
neutralization. These are: (1) base-catalyzed oxidation-reduction, (2) addition
reactions, and (3) the formation of decomposable anions. As the rate of reaction
rather than the equilibrium constant determines the efficiency of removal by these
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methods, there, is n,) "a priori" w:iv of predicting the sp(,cics in this cias.- unless data
are 'Jvailai_iv on the rate c,)nslants under the rvac'tlc,:_ condP_]ons. Contaminants expected
to l_e removed on a basic st,right ;ll't. list(,d in Tal,le :_-:,
Tablt" ;;-:_
C()NTAMINANTS III:IMOVt'2I) ON ..\(HI/t(" AND BASIC ._ )tlBENTS"
)N ACIDIC SOI/BENT
Dinwthyl Ilydrazlne
.Mon,-,m ethvi ltvdrazlne
:\ nlnl,,n i :1
t)N BASIC S( )RP, ENT
llydrogen Chloride
Sut fur I)i,_xide
Ch 1or i ne
Hydrogen Fluoride
Nitr,_gen Tetroxide
N_trie Oxide
Ilydrogen Sulfide
*Listed in order of decreasing ease of removal.
3.5 CATALYTIC OXIDATION
Contaminant species which are not well adsorbed by highly porous sorbents or do not
specifically interact with acid or basic surfaces may be removed by catalytic oxidation.
All organic compounds may potentially be oxidized, but suitable species for classification
in this removal class should be only those that are at h'ast partially oxidized to water and
CO. 2 under reaction conditions and/or form products which are removed by one el the
other removal systems. In considering the theoretical c.lass_tieatim_ of eontamin:ml for
catalytic oxidation, it was desired to ,)rder sp,,cms according t,, ease ,_f ,_xidatic, n
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A literature search and study did not reveal any method by which fundamental param-
eters, such as bond strength of electronic structure, could be uniquely related to ease
of cata13%ic oxidation. Instead it was found that the generally applicable rules were
qualitative and required some judgment in application. A list of such rules may include
the following:
• Partially oxidized compounds are more amenable to further oxidation than
completely reduced compounds.
• Compounds with electrons in more exposed positions are more amenable to
oxidation than those with electrons in shielded positions.
• Resonance-stabilized compounds are more stable to oxidation than similar
types without resonance. However, a resonance stabilized intermediate:
contributes to ease of oxidation.
• Ease of oxidation is determined by the point of weakest resistance to attack
in the structure of the molecule.
The above considerations were used in conjunction with many comparative statements
about the relative ease of oxidation. Unfortunately, many of these are based on oxida-
tion conditions which involve mechanisms different than catalytic oxidation in the
reactor; however, some attempt was made to use these with discrimination.
The resulting predictions are that carbon monoxide and hydrogen are alone in a class
of easily oxidized materials; and the hydrocarbon with four primary and no secondary
or teriary hydrogens, namely methane, is the most difficult to oxidize. All other
hydrocarbons or partially oxidized hydrocarbons fall in between in ease of oxidation.
Generally speaking, the aldehydes, ketones, alcohols, olefins, and ethers are on the
side of easier oxidation; thile the aromatics, heterocyclics, and paraffins are difficult.
Halogenated species are more difficult to predict, as halogen substitution generally
increases the resistance to oxidation but, in some cases, facilitates oxidation by
stabilization of intermediate products.
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E¢_lm_ ing is a suggested order ,,f types o; ,_xidiz_t,ie eonlpounds;
Easy to ()xidize
C(), I1
.-kldei,x _, Ethers, .\ro_natic Fidc ('h.iTis
Ki.t,_,!,.s
! i_ :, f,)r!,!s
_ic,)h,)]s, ( )it'iiu._
Acetvlimc
:\ronl :ttic
lh._oroc\ cl ic
l_'_raffins, ()r_anic Acids with
Tertiary tlx ¢h'oge,l
S¢,e,)nd;_ rv 1ty,:h'(H4_'n.
Primary Ilxdro_en
Difficult to Oxidize
Contamin_mts expected to be remove(l 1)v catalytic oxidati,)n are iiste(l in T:tl)le 3-4.
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Table 3-4
CONTAMINANTS REMOVED BY CATALYTIC OXIDATION*
Carbon Monoxide
Hydrogen
Acetaldehyde
Formaldehyde
Acetone
Methyl Chloroform
Allyl Alcohol
Ethyl Alcohol
Methyl Alcohol
Butene-1
cis-Butene-2
trans-Butene-2
Propylene
Ethylene
Vinyl Chloride
Vinylidine Chloride
Acetylene
Carbon Disulfide
n-Butane
Propane
Methane
*In order of decreasing ease of removal.
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.qc'cti_ m 1
CANDII)AT E .%()I_BEN I'S AND (" AFALYS[S
-l. 1 IlI(;ltLY POROUS S()RBENTS
capacity fl_r c(mtaminant per ulli'. '.x,.'t_ilt tt'an :rex other :ids,Jrbt,Ilt collsi¢tL, red (_nlv
c,mlmerciallv available activqted charC,_aliS were use,l in 111is i)rt};2,grt111 {St't' Tal,ie t-I !.
"Ial)ie 4- 1
CANI)IDATI" Cll.Sdl('()Al. AI)S()RBENT._
C ha reoal I)cs i,..mation Manulactu rer
BD
AC -4
PC -5
PCB
BI)L
Barvlol)ey-('hellt'y Co, , C_dLinlt)us, ()]1i()
Pittsburgh Carl)on C,_., Pittst)urgh, I)a.
4.2 ACIDIC S()RBI'INTS
Acidic sorbents selected f,_r study were:
• Silica-gel impregnated with tT3PO 4
• Barnebey-Ch/enev "BD" impregnated with tt 3 PO 4
4.3 B:LSIC SORBENT
Due to the existence oi I,i(_lT in the present Ap.,ll_, sv.-tem, tht._ was thq, only t,asic
material studied. Lithium hxdroxidc'. MII.-It-2u"i31). enxironmcnt_d kq'adc, was
obtained from Foote Mineral Co., Ext0n, Pa., Lot No. 410-5C.
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4.4 SOLID OXIDAN'F
Purafil, a permanganate mixture manufactured by Borg-Warner, was selected for
study as a potential material for the removal of NH 3 and/or CO.
4.5 CATALYSTS
Three major classes of promising oxidation catalysts were considered for this
program:
• Precipitated catalysts of the mixed oxide (Hopcalite) type
• Supported metal catalysts such as Pt-Pd on alumina
• Metal (Pt) screen
A total of nine catalysts were studied. In the first two categories above, both com-
mercial and LMSC-prepared catalysts were investigated. In the last category,
platinum screen was used as purchased. The catalysts studied are described in
Table 4-2.
LMSC catalysts were prepared as follows:
Precipitated Catalyst (LP-1). Metal salts in aqueous solution were precipated by
the addition of carbonate ion. The precipitate was filtered, washed, and dried at
12ff C.
Supported Catalysts (LI-1 and LI-2). Metal salts in aqueous solution were poured into
alumina spheres; the solution was evaporated and then the mixture was oven dried.
Supported Catalysts (LI-3 and LI-4). Preparation steps are summarized as follows:
LI-3 LI-4
Impregnate alumina spheres with aqueous solution of metal salts
Evaporate
Reduce with HCHO and NaOH
Evaporate
Oven-dry
Reduce with NaHCO 3 in vacuo
Wash
Oven-dry
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Table 4-2
CATALYSTS STUDIED
Designation Composition by Weight Physical Form Source
LMSCLP-1
MO-1 *
5_( Ag20, 60_/_ MnO 2, 35_ CuO
Commercial "Hopcalite"
granules. 6 × 8 mesh
granules, 6 x 8 mesh Mine Safety
Appliances,
Pittsburgh
SUPPORTED
LI- 1 LMSC
LI-2
LI-3
LI-4
Vanadia
V-0802
Nickel
Ni-0302T
4.4_ MnO o, 4.2C_ CuO,
balance _umina
4.5_ MnO 2 ,4.5_ CuO,
2.2_Y(Ag20, balance
alumina
2.5_ Pt, 2.5_ Pd, balance
alumina
1% Pt, 1_ Pd, balance
alumina
10c_ V205, balance alumina
15_ NiO, balance alumina
1/8 in. alumina
spheres**
1/8 in. alumina
spheres**
1/8 in. alumina
spheres **
1/8 in. alumina
spheres**
1/8 in. alumina
spheres
granules, 6 × 8 mesh
METALLIC SCREEN
10oq 20 discs, each 1 in.
diameter, 52 mesh
Ptscreen,
chemically
pure
LIVL_C
LMSC
LMSC
Harshaw Co.,
Cleveland, Ohio
Harshaw Co.,
Cleveland, Ohio
Engelhard
Industries,
Nutley,
New Jersey
* Lockheed Designation
**Alumina spheres are type F-110, purchased from Aluminum Co. of America,
Pittsburgh.
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Section 5
EXPERIM EN TAL PROGRAM
5. I ADSORPTION
5.1.1 Summm-y and Conclusions
AJ1 LMSC independent research program in adsorption on solid surfaces has i)r,,vided
a systematic approach to contaminant classification. The report* on this program
includes a description of the Potential Theolw for the prediction of charcoal adsorption,
derivation of the theory and experimental verification.
Ext)eriments performed under dynamic conditions provided data for the construction
of a similar plot for conditions simulating the Apollo atmosphere, thereby providing
a tool for the estimation of adsorbent requirements.
Candidate charcoal adsorbents were evaluated by a comparison of the retention times
of injected amounts of selected representative contaminants in standard gas chroma-
tographic injection experiments. Final evaluation was accomplished by testing the
two best adsorbents in a test apparatus approximating the actual Apollo atnaosphcric
conditions. Barnebey-Cheney Wpe "BD" activated charcoal was found to l)e the best
general adsorbent.
Experiments on ammonia adsorbents proved Purafil to be much less effective than n
phosphoric-acid-impregnated charcoal. The impregnated charcoal als¢) was shown to
retain its efficiency for the adsorption of other contaminants and ma3 be used as the
main charcoal adsorbent bed.
*Lockheed Missiles & Space Co., Basic Studies of Gas-Solid Interactions, III,
Considerations in Atmospheric Contaminant Removal, 6-75-65-22, Surmvvale.
Calif., 30 Apr 1965
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The adsorbent bed design experiments provided the necessary data to show the relative
importance of such variables as temperature, flow rate, mesh size of adsorbent,
humidity, and bed geomctry. It was observed that temperature and itflet concentration
had the greatest effect on the capacity of the adsorbent and that relative humidity and
flow rate had little if any effect on capacity. Mesh size and space velocity were major
factors affecting the efficiency* of the adsorbent. ,,
Low space velocities and small particle diameters resulted in high removal efficiencies;
high space velocities and large particle diameters resulted in low removal efficiency.
5.1.2 Introduction
The purpose of the tests described in this part of the report was to provide the data
necessary for the design of the sorbent bed in a contaminant-removal device capable of
meeting the performance requirements described in Section 2. The three major areas
of research involved were: (1) experimental verification of the Potential Theory plot
under d_mamic conditions, (2) static and dynamic adsorbent screening experiments,
and (3) adsorbent bed design experiments, i.e., determination of the effect of changing
temperature, flow rate, contaminant concentration, bed geometry, adsorbent mesh size.
etc., on the removal efficiency of the selected adsorbent under dynamic conditions
simulating locations in the Apollo environmental control system (ECS).
5.1.3 Experimental Plan
General. Experiments for the verification of the potential theor3, plot involved static
and dynamic testing of several selected contaminants to compare the experimental
classifications,
*Removal per pass.
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..\ds(_rbent screening experinwnls invo]red con)parisop, of ti_c v_,tcntion characteristics
of selected contaminants on :lds_)rt_('nts u_der the same e,mditi,ms (c_)nstant rt'lAtix c
humidity, flow, charcoal weight, mesh, bed diamett_r, _'tc._.
Adsorbent bed desi_mn experiments provided data on the effects _,f changing temperature,
flow, L/l), mest_ size, and relative humidity ,,: the capacit', of :_ representative c,m-
ta:ninant on the selected a,!sorbents.
Selected Contaminants. The contaminants used for the charcoal screening tests _vt, re:
n-butane. '_'-butene (cis & trans). 1-butene, methylene chloride, and Fre(,n-i:'. t-'teen-12
was then selected for use in the design experiments studyiztg the effects of temt)eratul'e.
flow, relative humidity, and concentration on retentivity° The n-butane was used tot
studies on changing dimensions (L/D), flow rate, and mesh size eXlx'riments.
Ammonia is the critical contaminant for the acidic sorbent. The stoichiometric It3PO 4
required for the ammonia reaction is greater than that required for dimethyl or ntono-
methyl hydrazine.
Methyl mercaptan, Freon-23, and H._S were used in tests on lithimn hydroxide beds.
They were the weakest acidic contaminants expected to be removed by I.i_)lt.
5.1.4 Apparatus and Procedures
Static-Test Ap_.paa-atus. From gas chromafographie theory*, it can be shown that the
efficiency of a given column is a function of the separating power or number of the-
oretical plates in that column. Therefore, if a given amount of contaminant is injected
into a column packed with various adsorbents under the same conditions, the column
which retains the contaminant the longest will be the adsorbent with the highest capacit)"
*Littlewood, A. , Gas Chromatog-raphy, Academic Press, N.Y., 1962, and discussions
with N. Hiester, August 1964.
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for removal of that particular contaminant. Also, ff equivalent quantities of various
contaminants are injected into a given adsorbent, the contaminants can be ranked
according to their retentivity, which is a function of the capacity of the adsorbent for
each of the ctmtaminants tested.
Therefore, static tests can serve to give data needed for both the classification of con-
taminants and the selection of adsorbents.
Static-Test Procedure. A chosen amount {0.02 to 1O. 0 cc gas, 1.0 /.d liquid) of a
selected contaminant was injected into the gas chromatograph, and the elution from a
given adsorbent bed was recorded as a function of time.
The apparatus used in the static tests was a standard gas chromatograph.* The adsor-
bents being studied were packed into 1/4-in. stainless steel tubes, which were used in
the chromatograph in the place of the standard ahromatographic columns.
Dynamic-Test Apparatus. A flow system was constructed to enable the determination
of the capacities and dynamic performance of selected adsorbents under conditions
simulating the expected conditions at the sorbent inlet, i.e., temperature of 43. _o _
57.5 ° C, RH 5 to 23 percent at 5 psia pressure in an atmosphere of 0.8 percent CO 2
in O2.'
The flow system built for studying adsorbents at 5 psia i S a flowing oxygen stream is
shown in Figs. 5-1 and 5-2. The interconnecting tubing was 1/4 in. stainless steel
with Swagelolk connections to valves, gages, and meters.
The carrier gas used was 0.8 percent CO 2 in 0 2 . The Granville-Phillips variable
leak valve allowed the introduction of the contaminants at the desired concentration
levels. To ensure complete and instantaneous mixing of the contaminant with the carrier
gas stream, the carrier gas was directed through a 1/8-in. -OD tube inserted into the
1/4-in. exit port from the variable leak valve, as shown in Fig. 5-3, resulting in a
"mixing chamber" approximately 3 in. long.
*The chromatograph used in these experiments was an F&M Scientific Co., Model 810,
Research Chromatograph equipped with the following detectors: dual flame ionization,
dual thermal conductivity, electron capture, and micro cross section.
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l)xst}atjlic-Test Proc(+Ourc. Tcmp,,r:tturc crmdi[},,r_s 'acr_ st.l }_\ t}:..' cm-_stat_t-tcmp(+ra-
lul'e t,aths, pressure was set by thv press_P,'c rcEnaiat,,,r, -mti tiw fl,,u raw was adjusted
t,) the desired vaJu(, with a need|,, valve. After this svst,..m ha,t ,,quilibl'at+.d. ili(. gas
strcmn was direet('d into the adst,rbent lind. The bed ",,.:is preconditioned to the flow,
temperature, and humidity conditi_,ns _ f the run for alqu',,ximat_'ly ; hr. "Fh(,
adsorbent |_ed w:kq then el_sed off :rod the carrie:" gas S:l'(..:tllt divcrt<,d thr, mg_ a l,\pass.
Vhc c+mtaminant was introduce(! to the .'4:_s stream lhruu;_h the v: vi t, ,. leak. The
.... _.. _ i i . :..: ..++: +. +l ..... I..i ......... l+-+_
kTtJllt+'4;_+liLi:_J+l, itJll ]t°_( ' ] V+aS IIIUIIIUJJ t't: Ip_. IHIt't;LtUII LI+'I''IIK:: I+I,' 3£,1> +,'_itlll_liltt_ \_+tl_+t . _)l t:Oi-l-
stant-volunw aliquots into the gas (_,hrollidl.O_l'Liph. 'Alitq'c t}/t, c;lI'ricr g;t_ l__(,;ik was
t t) .... t Jll illlIIllset)arated from the COtlt:tminanI I,eak. Multiplicali, m ,}f tilt, :II'(.a ot the • ,,",
p(,ak t+x a previously tIetermin(.d calihrati_m fact,_r ,aa;c lht. ctmcontrittitm. .\ltcr the
concentratiol_ of cotltaminant was adjusted to the d(.sir(.d lcvcl, the o_ilt:tn_ill:tt+t-
carryinx stream was directed into the adsoy|)ent bed+ markima tim<. zer+_ for tht. run.
"I'h,e effhlent concolltration was monitore_t throtlgh_ull It;_, run t_v the' t,t,ri<_Ii,':_l with--
drawal of 2-ce samples lrom the flowing gas stream I()r am, lvsis t,v thc g:ts chromato-
graph. At the end of the run. the inletconeentrati,m l+vcl uas rt.ch(,eked.
5.1.5 Experimental Results
Static Tests. One-gram samples (:28 > 60 mesh_ of thc c:mdidatc ads(u'bents were
individualh" paeM,d in 1/4-in.-OD columns, which x_cl'c placed in ttw gas chrolnat(_-
graph for study. Selected cont:_minants were injcct+,d _m (,ach of the ads,_rl_cnts uruh+r
identical conditions. The contaminant sample siz(,s uscd wer(, ().7, cc l,)r g;ts(,s and
1.0 vl for liquids. Adsorbent l)ed temperature was 200'C, and fl()w ratt. el thc lie
carrier gas was +i<) co/rain. The results ()f these experiments sh,)wed th:tt fix(, c_)n-
taminants gave consistently repr(_lucible data: n-butane, 2-butene. 1-|)utt,l_e. m(,thv-
lene chloride, and Freon-12. A summary of the retention times ,)f these rep,'t,sent:tti_e
contaminants on each of the candi<tate ads(,rbents is given in Tat)It- 5-1.
A comparison of these results shows that *'BI)" is th(, t,csI ox erall atlsort,enI })t:t thal
"PCB" is the better adsorbent for Freon- 12. These ad._,wt,(,nts were sc, l(.ctc(I t_,r
comparison in the dynamic system t(+ verily their r+,l;,tix _., t)crftn'manc,_ \,,it},, It't,.,n-12.
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CARRIER +
CONTAMINANT
CARRIER GAS
A
I
STAINLESS TUBING, 1/8 IN.
S SWAGELOK TEE, I/4 IN.
I I
i I
CONTAMINANT
VARIABLE
LEAK VALVE
Fig. 5-3 Contaminant Introduction Valve
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Table 5-1
SUMM.MIY OF .ADSORBENT SCREENING EXPERIMENTS
Representative
Contaminants
_utane
2-Butene
l-Butene
CH.)Clo
Freon- 12
Activated Charcoals
B&C B&C B&C Pitt
"BD" "AC-4" "PC-5" "PCB"
Retention Time (min)*
Conditions:
I i
1 _1 (liq.)
i0.2
8.5
7.35
6.4
1,8
7.1
6.4
5.7
4.75
1.75
T = 200 oC
Adsorbent wt. = 1 gram
Column OD = 0.25 in.
Sample vol. = 0.5 ec (gas),
He flow = 60 cc/min
Pitt
'_BPL"
4.5
4.'2
3.6
2.1
1.3
8.25
7.4
6.6
3.1
2.1
6.8
3.88
5.15
3.8
1.48
*Rctention times represent an average of at least two duplicate runs and are reproduci-
ble to at least _ 0.1 rain.
Comparison of Static and Dynamic Tests. One-gram samples (28 × 60 mesh) of B&C
'_BD" and Pitt "PCB" were packed into stainless steel tubes with 8.5-mm ID. Freon-
12 was selected as the representative contaminant for comparison of the adsorbents.
Table 5-2 summarizes the results of the dynamic experiments in which 0.8 percent
CO 2 in 0 2 was the carrier gas, at a flow rate of 380 cc/min at 5 psia pressure. The
temperature was 43.8"C and RH was 23 percent.
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A(is orbent
Pitt- "PC-!3"
-no ))-r_Tx ,,
1)_:C " /_lJ
B& C - "BI)"
Table 7,-"
DYNAMIC PERI.'()I{M.k.\CE I)AT A ON
B&C -- "BD" AND PITT - "PCB"
Ci
(ppm)
5.9! ; l()3-
5._5 "- iU
(1.(I() ,_ l(r _
, ,,, •
t
(mint
-_'7, 1HI o
"S.0
(t)1
(I
(co i._';.i_ )
( ,2. i'
6()._'
64. ()
(a) t = time atC - C i 2
(t)) Amount of contaminant adsorbed t)er gram (,f adsorbent al saturation
The results quantitatively confirm the results of the static test expcrinlents.
Run
t
'2
Because of the small difference in t for Freon-12 and the b(,ttcr ovt, radl p(.rformancr of
"BD" observed in the "retention-time" experiments, "BD" was selected for further
evaluation in the dynamic flow stand.
Dynamic Tests- Potential-Theor%____Z Pl___otConstruction. Thes(, expcrim(,nts wc)'c l)('r-
formed to obtain data ,,-hieh would allow the construction of an experimental potential
theory plot under the actual environmental condition expected it) the atls()rl)ent bed f()r
the Apollo trace contaminant eontr()l system. The apparatus us('d is describe, t in
subsection 5.1.4 and the results arc given in Tabh, 5-3.
Dvn_amie Tests - Be d Desi_bm Data. Barnebev-Chenev type "BI)" was sel,,cted as the
representative adsorbent for use in obtaining desig_ data.
Table 5-4 summarizes the experimental data obtained from the B&C type "BD" adsorbent
beds. No special activation of the charcoal was made prior t() u.,,c in the flow system.
After the beds were packed, they were preconditioned for approximately one hour
under the experimental conditions of the run to be made. In ;tl] runs the c'arr_er gas
was 0.8 percent by weight CO 2 in 02 , the pressure was lU. Im. itg, mid other condi-
tions were as indicated in Table 7)-4. Detection of t)rcakthr()ugh x_:ts aecomt)lisht,d
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by intermittent sampling of the effluentgas from the adsorbent bed using a constant-
volume (2.0 cc) gas-sampling valve. The captured volume at 5 psia was injected into
a gas chromatograph for analysis. The amount of contaminant present in the effluent
gas was plotted vs. time to obtain the breakthrough curves from which the break-
through times and other parameters in Table 5-4 were obtained.
To determine the effects of changing canister dimensions (L/D), flow rate, and mesh
_i_o ,_nthe efficiency nf the adsorbent bed, the ,_,_,_,._,_,_n,........ _A _. Table 5-5
were performed. Breakthrough curves are presented in Appendi._:A.
A convenient parameter representing dynamic performance is 7]r , defined by Eq. (1):
OCi - C O dO
_r = _OdO (I)
o
where
C i = inlet concentration (mg/m 3)
C o = outlet concentration (mg/m 3)
0 = time (hr)
The amount of contaminant adsorbed over time 0 is given by Eq. (2):
= - C.0M Frlr 1 (2)
where
C.
1
F
-- inlet concentration (mg/m 3)
-- flow rate (m3/hr)
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Values of _r were calculated for the runs described in Table 5-5. High space
velocities and large particle sizes yield low values of 7_r . Conversely for low space
velocities and small particle sizes, _r is high. Such behavior is depicted graphi-
cally in Fig. 5-4.
Values of _r vs. space velocity and particle size are presented in Table 5-6, which
shows that the lowest _r occurs with the highest space velocity and the largest
particle diameter. The highest _r occurs with the lowest space velocity and smallest
particle diameter. This behavior is typical of adsorption under conditions _vhere pore
diffusion is the rate--controlling step: The longer contact time provided by low space
velocities, and the shorter pore l_ngth of small particles, result in favorable dynamic
performance.
Table 5-6
RELATION BETWEEN SPACE VELOCITY,
PARTICLE SIZE, AND _r
Space
Velocity
(hr -1)
1000
5000
Mesh
12 × 30
6×8
4×10
12 × 30
6×.8
4×10
_r
O. 64
0.51
0.37
0.58
0.38
0.22
Lithium Hydroxide Sorbent. The adsorption of methyl mercaptan and Freon-23 by
LiOH was studied in the flow system. Under the conditions studied (Runs No. 12, 13,
24, and 29), neither of these contaminants was removed. This result suggests that
hydrogen sulfide is the least acidic contaminant that will be removed efficiently by
LiOH. Experiments were conducted with H2S on LiOfl, and removal was obtained.
Results and test conditions are presented in Fig. 5-5.
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AI111ll(I[1j_t ._(_rl)ellts Tu() :lnllllOIll:t relllOVLl] [loents \_t,l'*, >|tidied; P_r:tliJ. _t I)CFIYlall-
ganate mixture marketed by Lhc Borg-Warner Corp. ; .m,t acitl-imt_rt._natc_l uha:'c_u_l
prepared by LMSC. The latter material contained 1 millimole of ph,,._l)horiu acid per
gram of type "BD'" charcoal.
A coral)arisen of the relative effectiveness of these agents to,ronlove ammonia was
made. At a total pressure of 1 atm and at room teml)erature, oxy_ell saturated with
........................ ' " NH 3 ,,-,, i,,,._:,,,, u,, uu,;, a ,,ct ul the tu]inl()iii:t-w'ttor v:_pnr :_nd onl3M*inin_ 1 ,/lOll I)p,,, " ,,- ............. _ ,u ........ u .... _
removal agent. The effluent gas was flowed into an indicatim4 solution of sodium
tetraphenyl boron. The sensitivity of the detecting solution was such that a prccil)i-
Late was formed after 10 rain when a gas containing 1(10 ppm NIt 3 w_s pass(.d into it.
Table 5-7 shows the capacity at breakthr(mgh for the two s(wt)ents teste_t.
Table 5-7
CAPACITY OF AMMONLA-REMOVA L AGENTS
Agent
Purafil
LMSC Acid-
Impregmlted
Charcoal
Total Gas Flow
Rate (cc/min)
43.0
S5.0
Weight of
Agent (gin)
'2.0
O. 6
Tinle to
Breakthrough (hr)
NH 3 Cal)acity*
J) _-
")7 II
* At breakthrough
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5. I.6 Discussion of Results - Charcoal Adsorbent
Effect of Temperature and Concentration. Data from 24 of the experimental break-
through curves were reduced to provide points on the potential theory plot shown in
Fig. 3-1. The correlation thus provided allows the influence of temperature and of
the concentration on adsorption capacity to be determined by introducing these variations
in parameter A.
Effect of Flow Rate on Breakthrough Time. The effect of flow rate of the carrier _as
on the breakthrough time (to CO = Ci/2) is shown in Fig. 5-6, where data from runs
No. 15, 16, and 19 are plotted after being corrected for inlet concentrations variations.
For these S-shaped breakthrough curves, and for a constant inlet concentration, the
amount of contaminant adsorbed should be proportional to the product of flow rate and
breakthrough time, if saturation capacity is not affected by riot rate. The curve
Ft = constant, in Fig. 5-6, shows reasonable correlation with the experimental data.
Effect of Humidity. The data in Table 5-4 show that the effect of changing relative
humidity in the range from 3 percent to 23 percent is small. In particular, the follo_ing
runs may be compared:
• Run No. 7 at 3percent RH and Run No. 9 at 11 percent RH. All other
conditions matched to within a few percent; the adsorbent in the higher humidity
stream showed about a 10 percent greater capacity.
• Run No. 15 at 15 percent RH and Run No. 20 at 5 percent RH. Other con-
ditions matched except that the higher humidity run had about 8 percent
higher inlet concentration and apparently 10 percent lower capacity.
• Run No. 27 at 23 percent RH and Run No. 28 at 7 percent RH. Other
conditions matched except that the higher humidity run had about I0 per-
cent higher inlet concentration and apparently 3 percent gredter
capacity.
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It can be seen from this comparison that, in the first case, humidity appears to in-
crease capacity. In the second case "it appears to reduce capacity, and in the third
case, the capacity change is small in respect to possible experimental error. Con-
sidering the random nature of the variation and the relatively small capacity changes
involved (not greater than 10 percent), it is concluded that humidity variations over
the range of interest are small enough to be neglected.
5 1 7 Discussion of P_sults -- So.bc,,_s r_._ _._^_
• _ • _,...PbllqE;$. JL ll_ll Clldl _.:U;_ 1
Lithium Hydroxide Sorbent. Experiments on this sorbent at flow rates of interest
show that there is insufficient contact time to cause the effective removal of those
Freons containing "acidic" protons (e. g, Freon-23). Also, proton acids weaker
than hydrogen sulfide will not be effectively removed• Therefore, the types of com-
pounds expected to be removed are: acids stronger than H2S , i.e., ionization con-
stant greater than 10 -8, or materials which produce strong acids when moisture is
present, e.g., So2[H20] H2SO3; material which is oxidized by a base in a moist
oxygen atmosphere, e.g., NO_KNO2, C12--.KCL + KOC1, etc. ; and compounds
which undergo "addition" reactions with base, e.g., CO 2 + OH -_HCO 3 , CS2, etc. *
Ammonia Sorbents. The data presented in Table 5-6 show that the charcoal impreg-
nated with phosphoric acid is a more efficient adsorbent than Purafil.
Furthermore, it is still an effective adsorbent for materials adsorbed on activated
charcoals; e.g., a comparison of Run No. 52 with the remainder of the n-butane runs
in Table 5-5 shows that the amount of butane adsorbed on the impregnated charcoal
is almost as great as the amount adsorbed on the nonimpregnated adsorbent under
similar experimental conditions.
*See LMSC IR Report 6-75-65-22 for a detailed discussion of these known chemical
reactions.
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5.2.1 Summary and Conclusions
The principal removal meth(_t for a number of trace contaminants is catalytic oxida-
tion. Of these contaminants, methane was chosen to evaluate nine catalysts.
"I'xvo catalysts were chosen for n',ore extensi\ e experiments t,, ol)taih dcsiKn d:tt:_:
l-percent-Pt/l-percent-Pd on ah, mina (IJ'--l); and commercial lhq)calitc*, ;t mix-
ture of oxides hereafter referr(,d to as catalyst MO-1. Design data consisted (_i
methane conversion as a function of temperature and space xel¢)(:itv. S(,lectt.d (.xperi-
ments on CO oxidation were l)erformed.
Sulfide poisoning of the t_vo catalysts was studied_. LI-4 appeared to be s(_me_hat
more resistant to poisoning than MO-1, and neither catalyst suffered gross degrada-
tion in activity.
Catalyst Me-1 demonstrated activity for methane oxidation at a lower temperature
than LI-4; however, LI-4 is the recommended catalyst for use on the basis of its
greater structural strength.
5.2.2 Introduction
Experiments described in this section of the report were aimed at providing design data
for the catalytic oxidation unit of the Apollo contaminant control system. In pursuit
of this goal, the specific tasks described in succeeding paragraphs were performed,
*Mine Safety, Callery, Pa.
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Catalyst Preparation. Various commercial oxidation catalysts were used, as well
as LMSC-prepared catalysts. The choice of the latter and methods of preparation
were based on LMSC experience and published data in the literature.
Contaminant Selection. A literature study and theoretical considerations were used to
select contaminants appropriate for use in experiments outlined below.
,__,_,.._, o_, _ - r_ ...... ,, .... ;-_-' ,,,',_ used to compare _o nYid'ntion officiency ofw tt_t,v_L c e,.tlon. , ,,,_ ._v.._,,, ,_ .... . ..........
nine catalysts. Two catalysts were chosen for further study, including the effect of
poisoning on activity.
Design Data. Design data involved a study of oxidation conversion as a function of
temperature and space velocity. The two catalysts chosen above were studied with
two contaminants.
All experimental runs were made under conditions approximating as closely as pos-
sible those expected in the Apollo space cabin; i.e., oxidation of contaminants was
carried out in a total pressure of 5 psia of oxygen and at a fixed hmaaidity.
5.2.3 Experimental Plan
Contaminant Selection. Theoretical considerations and literature data indicate that,
among the compounds for which oxidation is the principal removal method, methane
is the most difficult to oxidize; i.e. , all other conditions being equal, higher tem-
peratures are required to achieve a given conversion.
Engineering considerations indicate that CO oxidation defines the flow rate required
through the catalytic oxidizer. Therefore, methane and CO were chosen as contami-
nants to be studied.
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Cmld[date Selection. Mcth:t_lt. \vas the col?Lamin.tz_t ct:_.c!] lor u_<' in _cl'cuninK
cat;tlx'sts because _>I it.-. rt.l:ltl_t.l\ hl._h l'c_i._L;ilieu tl_ ,,xillatilu3 \Vltii i:a_'[: c:tLll,.st Calldi-
date, experiments we rc conducted to dete rm i nem cth;llle oxida tioll ('OI1VO rs loll il S :t
function of catalyst temperatuF(" .'it il giwm st)a(_'e veiocily. The two catalysts selected
on the basis of these tests were then used in the more extensive experimcnls h,ading
to design.
T_,,h.i.T_*, T"_,,_I 1"i", .... 4"i .... 4_ " I..._l.
_,_._M_,_ t.,ah.q.. *Jl_.- t':it:Lt_ ()_. IJUtll it.llll)ttl'iiitll'e itlld Sl3aCt' vuiociiy I)ll lni'lhitll(, L:tlll\t'l'-
sion were studied. Three values of space velocity _ver(, chosen _hic.h enc'_m_p:_ss the
-1
range of interest for design: about 2,0_10 to 15,1JO(l hr
At each space velocity,conversion \vas studied as a function <,Itcn_pvraturc. Thc _taui
were also cross-plotted to shoxt conversion as a function of space velocity at c<_!lF,t:lltl
temperature.
Selected experiments on CO oxid:ltion at various teml_eratures and sl}ace vcl_,citles
were nl;lde. Data ,'d)_mt pressure (ll'O 1) arid change in catal\ st weight were ll()ted.
A l,rimc latter h_ final selection el a catalyst is vulneralfilit\ to pois(,ning. Sulfide
l_ois<ming usually has tile most l)ronomleed efleet ,,n e:iktl\st :tcti\-lt\ . thercl,,re.
poisoning in the form (d hydrogen sulfide was deliberatelx introduced. Then, t'xtellslVe
data on methane conversion as a function of temperature and space velocity were _ake,_
and were compared to data taken prior t(, poisoning.
The above experiments were made with the two most promising catalysts. ()n the
basis of the results obtained, one catalyst was reeomm_n(ted. |t¢)wever, since eum-
plete design information was obtained, either catNyst can be tJsed in the prototYl*c
system.
5-25
LOCKHEED MISSILES & SPACE COMPANY
M-58-65- 1
5.2.4 Apparatus and Procedures
A contaminant in a humict oxygen stream was flowed c_mtinuously through a catalyst-
bed, and the percent of complete oxidation (conversion) was noted.
Concentration of reactant in the effluent stream was measured by periodic sampling
in_ 0 Ha s ,_h,_,. • a..... a ..... ma_ograph with flame ionization detector.
The apparatus is presented schematically in Figs. 5-7 and 5-5; the components shown
in Fig. 5-7 are listed in the legend for Fig. 5-7, with manufacturer identified where
pertinent. A photograph of the apparatus is shown in Fig. 5-9.
The catalytic reactor was a 3/8-in.-OD stainless steel tube 5 in. long. About 10 cc
of catalyst were charged.
The oxidations of methane and CO were studied in separate experiments. Methane was
obtained premixed with extra-dry oxygen from the Matheson Co. as 7,752 ppm methane
(balance oxygen}. Carbon monoxide was metered through a Granville-Phillips leak
valve into a flowing stream of extra-dry oxygen such that a concentration of about
100 ppm CO was achieved. The carbon monoxide was Matheson C.P. grade.
Methane Oxidation. The premixed reactant stream entered the system at a total
pressure of 5 psia and at a flow rate such that a space velocity of 2, o90 to 15, o0o hr -1
could be studied. The gas was saturated with water vapor at 18 C such that the water
partial pressure was 15.5 torr, which corresponds to 65 percent relative humidity at
room temperature or 11.4 percent at 137°F (58°C).
To determine the peak size corresponding to the inlet methane concentration, the
reactant stream was then diverted past the reactor. A sampling valve was used to
inject kno_n volumes of the gas into a 5A molecular sieve chromatographic column,
from which it entered the flame detector. The molecular sieve column served to
separate methane from other gases present.
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LEGEND FOR FIGURE 5-7
Ao
E.
ro
G.
H.
I.
J:
K.
M.
N.
O.
P.
Q.
R.
S.
T.
U.
DETECTOR :
OXYGEN OR PREMIXED CONTAMINANT IN OXYGEN
MICROMETER NEEDLE VAI VF
FLOW ............
_cJc_ ,_D_KS CO.)
PRESSURE GAGE (WALLACE & TIERNAN CO.)
VARIABLE LEAK VALVE (GRANVILLE PHILLIPS CO.)
PRESSURE REGULATOR
CONTAMINANT SOURCE
BELLOWS VALVE (NUPRO VACUUM GRADE)
CONSTANT-VOLUblE GAS-SAMPLING VALVE (F&M CO.)
NEEDLE VALVE
VACUUM PUMP (WELCH DUO-SEAL)
HEA'T EXCHANGER
MULTI-POINT RECORDER (BRISTOL CO.)
PREHEATER AND REACTOR
TEMPERATURE CONTROLLERS FOR REACTOR (',VEST INSTRUMENT CO.)
DIFFERENTIAL PRESSURE GAGE (WALLACE & TIERNAN CO.)
TOGGLE VALVE
WILKENS AEROGRAPH HI-FY GAS CHROMATOGRAPH WITH FLAME
IONIZATION DETECTOR.
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After reproducible peaks were obtained, the stream was passed through the reactor,
and samples of the effluent were periodically injected into the chromatograph as
before. Comparison of the peak heights or areas corresponding to methane represent
percent conversion:
percent conversion
methane peak area through reactor
methane peak area through bypass
.. 100
Once successively rei)r()ducibie results were obtained, conversion was found n()t t()
change with time when monitored over a 24-hr period.
Carbon Monoxide Oxidation. The procedure was identical to that for methane oxidation,
with the exception of additional components in the analysis train, as shown in
Fig. 5-8. The flame detector is far more sensitive to methane than to CO. There-
fore, after CO was separated from other gases present by a molecular sieve column,
the CO was converted to methane t)y being passed over a nickel catalyst at 30(I C in
the presence of hydrogen. Conversion of CO to methane is quantitative under those
conditions. *
As the work progressed, it was found that leaving the components for CO studies sho_a_
in Fig. 5-8 in the analysis train did not affect the results of methane oxidation studies.
An attendant advantage of not changing components was that equilibrium, as shown by
the flame detector base line, was more rapidly attained. Therefore; in the latter
portion of the work, the components shown in Fig. 5-8 were left in the analysis train
for both CO and methane oxidation.
Poisoning Tests. Catalyst samples were poisoned by flowhlg 200 ce (STP) of II,)S over
them at room temperature and pressure. This amount of HoS is sufficient to provide
monolayer coverage of the volume of catalyst in the test reactor. Follo_qng tt)S loading,
the catalyst was operated for 16 hr in pure oxygen, at 400"C and one atmosphere, to
allow surface reactions, if any, to take place. Following this. the catalysts were tested
at 5 psia (other conditions as sho_n in Table 5-10) for methane conversion efficiency.
*K. Porter and D. Volman, Anal. Chem., Vol. 34, 1962, p. 748.
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5.2.5 Results
The results in Table 5-8, which are interpreted values taken at even temperatures,
allow a comparison of catalyst performance. It is immediately evident that the
" ON1-030_T, Vanadia-0S02, and Pt-screen catalysts do not convert methane at as low
temperatures as the others tested. The tests on other catalysts, however, must be
evaluated on the basis of several factors. The MO-1 catalyst gives the most favorable
lnw-tomporalu_'e performance. ,,,hi]o If-1 TJ-O ,and t T-A a!'e n_,_.l,. ,.r,,i_.:_l,,,_t
Because of a suspected attrition problem with the MO-1 catalyst, it was decided to
continue poisoning and design testing on both LI-4 mid MO- 1 catalysts.
l)oisoning Tests. The results of poisoning tests carried out on LI-4 and M()-I catalysts
are shown in Table 5-9. The LI-4 that had been poisoned actually yielded t)ctter con-
version than it had initially, because of scatter in the experimental data or a beneficial
effect from being "on stream" longer. The MO-1 catalyst showed a loss of activity at
350 to 360°C when at high space velocities. This effect was eliminated at higher
temperatures, as shown by the 100 percent conversion figures at 450_C. All tests
were done in carrier gas stream humidified to a partial water vapor pressure of
15.5 torr at ambient temperatures.
Desi_,nl-Data Tests, Methane Oxidation. Design data were taken on catalysts M()-1
and LI-4 by means of varying temperature over a range of conversions aa(t space
velocities in the approximate ratio of 1:2:8. Space velocities were defined <m the
basis of volume of gas at ambient temperature (25°C) and an assumed void fraction ,ff
0.4 for the packed bed. Figures 5-10 and 5-11 give percent conversion vs. tempera-
ture and percent conversion vs. space velocity for catalyst MO-1; Figs. 5-12 and
5-13 give similar data for catalyst LI-4..M1 data are taken for 7,750 ppm methane
in oxygen. As shown, the percent conversion on MO-1 sharply rises in the 3n(_ to
350°C range, with considerably better conversion at the two lower space velocities.
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Table 5-8
COMPARATIVE OXIDATION EFFICIENCY OF VAItI()US CATAI.YSTS
(7. 750 PPM CH 4 in O 2)
Catalyst
LI-4
Hopcalite
LI-2
Ni-0302T
Vandia-0802
Pt-Screen
LI- ]
Temperature
(_C)
30()
40()
500
20o
30O
4OO
300
400
50O
300
400
500
500
60o
630
300
400
500
!
Space(hrVeh)citY_l) ]
• ) (
_()90
2090
2090
2090
2090
2090
209O
2090
-) (
_OJO
2090
2090
2090
2090
2090
668
2090
2090
2090
(" ollv(er s iovl
t() (Ix idation
Products (.... )
i)
7)()
I()()
l()
40
I00
o
;)7)
i()0
()
l()()
()
95
i
()
5O
] o()
5-33
LOCKHEED MISSILES & SPACE COMPANY
M-58-65-1
Table 5-9
EFFECT OF HzS POISONING ON CANDIDATE CATALYSTS
{7,752 PPM CH 4 IN 02)
Catalyst
Unpoisoned LI-4
Poisoned LI-4
Unpoisoned MO-1
Poisoned MO- 1
Unpoisoned MO- 1
Tempe rature
(°c)
400
400
450
450
400
400
450
450
350
350
350
36O
36O
360
Space Velocity
(hr-1)
2,090
3,740
') 090
3,740
"2,090
"2,090
3,740
3, 74O
"_ 090
_9
3,740
15,000
"* 090
3,740
15,000
450
450
450
2,090
3,740
15,000
% Conversion to
Oxidation Product
5O
z5
_5
75
50
3O
i00
90
1O0
90
O0
95
65
30
1 O0
lO0
100
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B('I(_x_ "-- ".....
l_ut this f)hc;mmcn_,r_ _s J_t.iJ_ x_._ t,, I,,. ;_:: (-x_,,'_']:_,,._'..,.I ::_'Tfac_ t}!:_', is (!u_' :,, li_,. difli-
cUltV _1[" Illt_:tSl.ll'Clll(,|'i t, ;11 ]i_,','- }l_'l'Ct'lll tt)!l'.t'_.'qi,H>. _]'i!_' _:tlllt* (]tit;I :ll't' ]_l't'._('P, It'_t iD
FiK. 5-11, where tll, slril:i_t_l,, imi,r,v_<,d t.c:.! ,r_n:,:cc a" lhc hi2,h_,._l isotht.rrlltil li!w
is clcarlx sh,)\vil. I l :d._,, ;lpl)_,tr_ tii:J tilt ._i:'..:_]_ i, ,,, (':_i_:t:l',_l_ |i'._qll-c ,HI tht, '15 ("
FUll i5 tht' ;tll_tlll:tt,)_l,% ])_i_}I.
l)esiL4_Fl)a_'lti_ts. (':u'i,,m .M,,t,,)xtdc t)xidt,ti(m. ()xidati,m ,,t c;trt)on m,,ll,,xidc, in
conccn[r:ltiollS _)f 5_| D, 711"- pl)nl ill 5 psi 'JXI\I_tql. ',*.:l._ lC.'-tcd _\¢'1" calal\sts l.l-t ,11)¢1
5I( )-1. In the IllOl'c _'xtcnsivc tL_tti o:l 1.i-4 ¢'atal:>t (Tat)Ic 5-iu'l. ll_ [_.q'('cn: t'_)_-
I(2]'sion \,,its IlOt('(i [tI }_¢_t}l }li_Zl) :I1_] l_vA" ('r_,lt'_.'lill';tti_)ll.,4, s|)¢t('i.' ',c]_a'ilics LI l) t_ 1,-_. I_lttt
-1
hr , and bed tclnl)cl-atuF_'s :it or al_,P.'c 2-t ('. With :m inlet c,m('cutr:ltbm ,d t5ti l)pm.
the c,)llV(,l'Sioll dr,)pl_cd to "_5 i)crct.nt :it a tt.l_ll)t,l':_tUl',.. ,d :15 t' ,vith tht, high .-.t,:_ct.
-i
velocity. I.imited _l:lttl on Mt)-I c:tl:dvst :_I ltm ptma iatcl (',)l_('ci}tl':lti_)ll :trl,] Zil!_ll Ill"
space velocity, Sil,_\_t,t] ]1_11 i_(,rc,,,_t (,t)llV(:l':.;i,_il "it 15lv (" :llitl 2] ] i.
These dakt were taken after prc-_.quilibratio_ of the c:lkOXSl b,.d at tbc rc:wti,Jn
conditions for period._ of time calculated to hc more than ;t(]t:_lutltt, lof atlsorl)tion
equilibrium to take place; therefore,, the values presentc_! vt.pr,,sent oxJd'_tion ,fffects.
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Tabl e 5- I 0
RESULTS OF CO OXIDATION EXPERIMENT
Space Velocity
(hr-1)
Catalyst LI-4
15,000
2, 090
3,740
15,000
2,090
15,000
15,000
15,000
15,000
Catalyst MO-1
2,090
2,090
Temperature
(_c)
310
265
265
265
152
152
84
35
24
211
150
CO Inlet Concentration
(ppm)
168
768
158
235
83
277
145
120
50.5
100
100
Conversion
_)
100
!00
100
10o
100
100
100
84.5
100
100
100
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CONCEPT SE IJ:;CTION
6. 1 ESTIMATE OF PI1ESENT .\POI_I.O CAPABTIJTY
Before the concepts for hardwarc to t_ supplied under this contract weft, selected, an
estimate was made of the contaminant removal capability of the charcoal, lithium
hydroxide, and water condenser now in the Apollo environmental control system.
The "potential plot" presented in Fig. 3-1 was used to estimate the cont:tminant removal
capability of the 4 ll) of charcoal included with the Apollo lithium hydroxide changes.
Hydrogen sulfide and contaminants, more easily removed on a I)asic sort)ent as indi-
cated in Table 3-3, were assume(l to be removed with a dynamic efficiency of 1.0.*
The contribution of the atmospheric condensation function to contaminant removal was
estimated from solubility data. when available, or by the assumption that Raoult's
Law was operating."* To account for dynamic effects in this process, only one-half
of the calculated water saturation capacity was used. Of the _5 contaminants considered,
36 are removed at a rate of not less than 6.5 gin/day by the above functions in the pre-
sent Apollo environmental control system.
The 36 total comprises (1) 33 of the 34 contaminants which have charcoal retentivitics
_9
>5 _ 10 - gm/gm***(Phenol is excluded; it is flow-limited), {2) CS.) which is removed
by water solution, and (3) H2S and NO which are removed on I.iOH.
*Such a high value is considered justified because of the extremely low fraction of
LiOtt utilization by the trace contaminants involved.
**J. H. Perry, Chemical Engineer's Handbook, Third Edition_McGraw-ltill. p. 317.
New York, 1950.
_**See Table 3-2.
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6.2 SELECTION OF ADDITIONAL REMOVAL TECHNIQUES
Contaminants removed at a rate of less than 6.5 gm/day by the present Apollo system
were examined with respect to catalytic oxidation, adsorption on a larger quantity of
charcoal, and removal on an acidic sorbent.
G 2.] C_t_lytic Oxidatinn
For contaminants such as CO, H 2, and CH 4 catalytic oxidation must be used in order
for reasonable rates of contaminant removal to be achieved. Addition of this function
also provides a significant increase in the removal of a variety of other contaminants.
The results of catalyst screening, shown in Table 6-1, indicate the superior perfor-
mance of the Hopcalite catalyst for methane conversion, and superior performance of
1 percent-Pt/1-percent-Pd for CO conversion. The requirement for operating Hopca-
lite at a temperature of 250 ° F or greater arises from observed water vapor poisoning
at lower temperatures. *
Experience in handling the various catalysts showed the mixed oxides to be consider-
ably more friable than the catalysts dispersed on A1203 spheres. Losses in catalyst
weight as high as 17 percent were experienced during laboratory experiments with the
mixed oxides, compared to 2 percent with the alumina-supported catalysts. In view of
the rigorous vibration environment to be experienced during launch, catalyst friability
is considered a major consideration in this application. This consideration, coupled
with the ability of the Pt/Pd to effect 100 percent CO conversion at 24 _ C i75" F) in a
humid atmosphere led to the recommendation to use the alumina-supported Pt/Pd for
this program.
Because of the desire to keep power at as low a level as possible, the flow rate through
the catalytic oxidizer was limited to the 1 cfm required for CO removal. This flow is
*Naval Research Laboratory Report No. NRL 5465, April 21. 1960. p. 57 and
discussions with Dr. F. S. Thomas at NRL.
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Table 6-1
COMPAILISON OF CATALYST PERFOIS\IANCE
Vanadia
Nickel Oxide
Catalyst
t- Percent- Pt/1- Pe reent- Pd
MnO 2, CuO, AgoO_
MnO,), CuO
2.5 Pereent-Pt/2.5-Percent-Pal
ttot×,al ire
Conversion Temper:.aure ( ° F)
CH 4 at 25 Percent
< 990
770
710
700
660
650
CO at 100 Percent
5 I0
75
"_ "_50
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also sufficient to remove hydrogen and methane at their specified production rates,
methane conversion sets the maximum operating temperature of 785 _ F.
Investigations performed before and during this program have revealed the following
potential problem areas that have occurred with catalytic oxidizers:
• High weight and power
• Temperature buildup due to exothermic reaction
• Explosion hazard due to rapid oxidation of adsorbed hydrocarbons
• Generation of undesirable byproducts
The approaches taken to solve these problems are listed below in succeeding para-
graphs. The weight and power of the selected system were minimized by the following
techniques:
• Utilization of a high-effectiveness lightweight heat exchanger in a configura-
tion that surrounds the catalyst bed, providing efficient packaging
• Utilization of vacuum insulation and insulated supports to minimize heat
losses from the catalyst bed
• A heater located within the catalyst bed to provide uniform heating
Temperature buildup due to the exothermic reaction is avoided by a high-limit tem-
perature setting which first ensures that the heater is deenergized and then shuts off
air flow to the unit. A bypass valve was initially considered for the safety feature:
however, tests with a similar unit showed little difference between the cool-down
rates with shutoff valve or bypass valve. Since the bypass valve involved additional
internal plumbing and therefore a greater heat leak from the unit, the shutoff valve
was "selected.
Rapid oxidation of adsorbed hydrocarbons is circumvented by close temperature con-
trol and a relatively long warm-up time. The temperature controller selected for this
unit is capable of control within a fraction of a degree.
The generation of undesirable combustion products is alleviated by two techniques:
(1) locating the catalytic oxidizer where it will detect the minimum concentration of
6--4
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/eollt:lnlin:mts thai may produ('e _()xir (.ombusti(m p:',_]u('ts :i:],t (J) ulil_z:,li,,n ,,I :t p()sl-
sorl)enl hod IO cap,ure t,)xic (:_)ml,ust ion l)r(,,luets l'r(,m lh( ()xidi..t.r
]ndelermining the })ost loe:lli(m f,)r the catalytic oxidizer, a num},cr ()f f;'.cl,)rs \_t're
considered. Figure 6-1 il,div.:d_.s potential l_mations for th<, ('atalyti(" oxidizer.
Table 6-2 summarizes th(, :tdvant:lges and disadvantages of the various local i(ms.
Location 3 is preferred, it combines the greatest a(tvanta_es wi!h lhe l_,_o_t {i¢:1¢!_-tn,:,ge,:¢--, .................
6.2. '2 Post-Sorbent
The need for a post-sorbent downstream of the catalytic oxi(lizer arises from I),_ten-
tial dect)nlposition products created in the oxidizer. The acidic nalure of lh(. undes_ir-
able combustion products led to the selection of l.i()lt for use in lhe post-sorbeni
6.2.3 Main Sorbent
The charcoal screening experiments showed Barneb(_v Cheney BI) t(_ have superior
performance for adsorption of contaminants of interest.
A substantial amount of ammonia is excreted in sweat and urine. Ammonia is not
well adsorbed on charcoal, nor is it removed in sufficient (lu:mtity I)y other enx'irm_-
mental control processes. Impregnation of the selected charcoal with ll;]P() 4 l)l'<,xi(t(.s
an effective method for ammonia removal with only slightly reduee(t eal)al)ilitv l'cu" lhe
removal of other contaminants.
For these reasons. Barnebey Chcney BD charcoal impreg'nated with tt3P(") 4 is recom-
mended for the main sorbet.
A further recommendation is thal the cha_ coal charges included with lh( , I.iOll in the
existing Apollo "odor and C().) removal canister" be specified as l_arnei)t.y Cht.m'3 BI)
impregnated with tlaPOt. This materi:d will give increased capal)ilitv ,)t cont:,min:mt
removal with essentially no increase in system weight.
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LOCATION
I
J DEBRIS JTRAP
LOCATION
2
LOCATION
3
LOCATION
4
-1 LIOH J
CABI N/SUI TS
EVAP. J
l
SUIT
LOOP
H-X
WATER
SEP.
CATALYTI C OX ID IZER
Fig. 6-1 Locations Considered for Catalytic Oxidizer
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Table 6-2
LOCATION TRADE-OFF FOR CATALYTIC BURNER
Factor
Highest
possible
Inlet Contaminant
Concentration
I0 2.6
Location
A P Available
(in. of li20 )
Flow Reduction
in Other Compon-
ents
Temperature ("F)
1 cfm
from all
components
110
' 2 i,
Highest
possible
1 cfm
from LiOHI
and main
sorbent
bed
110
,3
LOW
7.2
1 cfm
from
H-X,
water
sep. ,
and
suits
130
Lowest
possible
6.0
I cfm
from
suits
49
Effect
Ix_w concentration
reduces load on
post-sorber.
High _ P allows
smaller and lighter
design.
Performance of
other components
may be reduced.
ttigh temperatur_
reduces power
required.
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Section 7
SYSTEM .\NALYSIS AND (.)PTIMIZATtON
The following sections describe I'1) the process of anMyzing and optimizing the design
n¢ the T-¢_._i,_ _,_--I_,._n¢ tkn o._t.,l,#i,. ,.vi,ti-,._,. ._,..I thc_ ,_._et ,2,,,-t-,,,nt h..e...l _._ .,_,,l',,, ,,r
the eXlxerimental program, an(t (2) a summary of the l)redicted l)crformancc of the
combined system.
7.1 MAIN SORBENT
The primary decisions required for design of the main sorbent were:
• Amount of charcoal to be used
• Flow rate through the sorbent
• Particle size
• Length, diameter ratio
7.1. 1 Amount of Charcoal
For thc purposes of this program, the total anmunt of outgassing was spocific(l t,) I)(,
6.5 gin, day, exclusive of tl.2 and (:1t 4. A conservative calculation* of the ammonia
produced from sweat and urine places it at a maximum of al)proximately 4 gm day for
a three-man crew.
The addition of 8 lb of impregnated charcoal is sufficient to remove the 4 gm day of
NH 3 . as well as significant quantities of a large number of other contaminants. In
Table 3-2, any one of the contaminants listed al)ovc vinylidcne chloride can he removed
*Based on values in the NASA Life Sciences Data Book
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at >_ 6.5 gm/day on 12 lb of the selected charcoal (4 lb in the existing Apollo system
plus 8 lb in the main sorbent canister).
7.1. "2 Sorbent Flowrate and Particle Size
The dynamic performance of the sorption bed depends primarily upon space velocity
nnd panicle size: From the experimental program on adsorption, data were obtained
on dynamic performance over a rar_ge of space velocities _,"_A,uparticle sizes as ,vc!l, as
for various contaminants, holding temperature, humidity, other atmospheric condi-
tions, and the type of charcoal constant.
Figure 5-3 illustrates the extremes of performance encountered; breakthrough curves
are presented in Appendix A. The parameter Jr was introduced to represent average
dynamic efficiency (Section 5.1.6).
The average rate of contaminant removal can be expressed by Eq. (1) based on flow
rate, and by Eq. (2) based on saturation capacity:
F_rC i = M r, mg:hr (1)
qxx__Z': M mg'hr (2)O r'
where
C.
1
3
= inlet concentration (mg, m )
F = flow rate, m3/hr
M = average contaminant removal rate (mg. hr)
r
q = saturation capacity of sorbent (mg/g)
W = weight of sorbent (gm)
O = time (hr)
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By equating Eqs. (1) and (2) and setting
established:
, call ])eC i at SMAC the required I-'_}r
_ qW 3
F"r_ C.O ' m hr
1
qW
For any contaminant, -_- need not exceed 271 mg hr or 6.5 gm day; for those ad-
sorbed at < 6.5 gin/day qW wi]! b,, lower than 271 The flmv ,'eq,,iromont._ :,r,.
-- - - " " " O - - = ...................
seen to be different for each contaminant, the objective being to provide :m I.'_r high
enough that the saturation capacity at SMAC can be approached in 14 days.
A review of all the contaminants showed that with 3632 g (_ lb) of charcoal a value ,)f
8.95 m 3 hr (5.28 ft 3 rain) is satisfactory for most of the contaminants.
Space velocity (O) and flow rate are directly related by Eq. (3).
0 -- F 1
V-_ hr- (3
whe re
V
C
3
= volume, m
= void fraction
The relationship between 7_r , 0 , and particle size can now be employed to find both
the optimum flow and particle size, as shown in Fig. 7-1.
Figure 7-1 shows the power penalty, (at 0.77 lb kw-hr) involved for several combi-
nations of 0 , F , and particle size, each of which provides the required F_r .
The minimum penalty is shown to occur with a flow rate of approximately i 1 cfm with
a particle size corresponding to 4 :. 10 mesh.
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7. 1.3 Length Diameter Ilati(,
For the analysis presented above, the length diameter rati,) ('1. I)1 x,.as hchl ct)nstant
at approximately 0.3. This \vas determined prcviousl.v by _lbservlll_ the cflect of L. I)
on total weight (canister l)lus |)_\vt:r l)enalty) as a tunctit,n ()f flo_ rate ,m(t mt.sil size.
Fig_ure 7-2 shows this relationship for three flow rates, with 4 - q_J mesh. l.arge
L/I) ratios reduce canister weight but increase the poxw.r penalty, while small i. l)
ratios have the op!_osito effect. -\s a r,,_ull, there is optimu.n._. !_ I} f<,r e:,.eb, fl,)w rz:tC.
At ] 1 cfm the curve is fairly flat: consequently, an 1. I) ,,f 0.53 _:,s st.lected l(,r
lmekaging e(mvenience.
7. 1.4 Summary
The selected main sorb(_,nt canister contains _ lb of 4 10 ]larlud)rw ('hem-,v BI)
charcoal, impregnated with Ii3P() 4 . The ,)ptimum charcoal bed has an 1. 1) ratio _}I
0.53 and a fl(,w rate of approximately 11 cfm at 5 psia and 111 ' F.
7. "2 CATALYTIC OX-II)IZER
The objective of the catal)'tic ()xidizer design analysis was t(, determine the coml)ina-
tion of flmv, temperature, and catalyst volume that yielded the l_x_(,st v(.hiclc weight
penalty and satisfied the contaminant removal requirements.
7._." 1 Method of Analysis
The basis for the design analysis was the catalyst performmme data on conversion
efficiency versus temperature, obtained from the experimental phast, of the pr,,;_ram.
For three space velocities the catalyst volume and flmv rate required for )netbanc re-
moval was determined as a function of catalyst temperature. Results ar(. sh(mn in
Fig. 7-3 based on the data from Fig. 5-12, and the relations
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mr = F_/rCi
and
F
V =
c5_
where
/7 r
C. C
1- 0
C i
(4)
The weight, volume, and power required were then calculated over a range of F
O , and temperature.
In developing these weights and volumes, an account t'as taken of regenerative heat
exchanger weight and size variations due to riot', temperature, and effectiveness. A
relationship was developed for the weight of the remainder of the catalytic oxidizer as
a function of catalyst volume. This was done by making engineering layouts for several
volumes of interest. Power requirements were calculated to account for heat losses
to the cabin atmosphere and for the sensible heat gain of the gas flowi_tg through the
oxidizer. This was converted to an equivalent weight penalty based on a power penalty
of 0.77 lb/kw-hr.
7.2.2 Selection of Flow, Temperature, and
Figure 7-4 presents the results of weight calculations for several space velocities and
riot" rates, over a range of temperatures.
It appears from Fig. 7-4 that operating at a high space velocity, greater than 15. 000
hr -1, and at a high temperature would be most desirable. However, at such conditions
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.4
,f the flow rate through the catalyst bed would be on the order of 0.5 cfm. To obtain
the desired carbon monoxide removal rate of 0.9 gm/day, a flow rate of 1 cfm is re-
quired. In addition, material problems are substantially increased at temperatures
greater than 800 ° F.
Based on these constraints, the recommended operating point is 1 cfm, 785 _-F, and
a space velocity of 15,000 hr -1
Holding the flow constant at 1 efm and reducing the temperature from 785 AF to 705 _ F,
the weight increases only 4 lb. The volume of the unit, however, increases from
0.15 ft 3 to 0.33 ft 3 as shown in Fig. 7-5. This is considered to be an unreasonable
penalty to pay for an 80 ° F temperature reduction.
7.2.3 Selection of Heat Exchanger Effectiveness
The reason for selecting a 90 percent heat exchanger effectiveness can be seen from
Fig. 7-6. Here total system weight is shown as function of heat exchanger effective-
ness, and the minimum weight occurs at an effectiveness of 90 _ercent.
7.2.4 Selection of Catalyst L/D
The last remaining item to be established is the configuration (L/D) of the catalyst
bed. As the L/D of the catalyst bed is increased, the velocity and pressure drop
through the catalyst bed increase. However, the long and small diameter configura-
tion shortens the air flow passages through the heat exchanger, reducing heat ex-
changer pressure drop. Conversely, decreasing L/D increases heat exchanger
pressure drop and reduces catalyst bed pressure drop. As shown in Fig. 7-7 these
effects cause a minimum pressure drop to occur at an L/D of 2.0, which was selected
for the design.
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1%" 7.2.5 Summary
The selected catalytic oxidizer has a flow of 1 cfm (at 130 ° F and 5 psia), a catalyst
temperature of 785 ° F, and a heat exchanger effectiveness of 90 percent. Power re-
quired is 45 w and unit weight 6.0 lb. The unit (not including the flow transducer)
has a pressure drop of 3.5 in. HoO at 5.0 psia.
.%
7.3 POST-SORBENT
The purpose of the post-sorbent canister design study was to determine the quantity
of post-sorbent material required to remove possible toxic products of combustion
created by the catalytic oxidizer.
7.3.1 Method of Analysis
The problem of post-sorbent canister design was approached by first identifying all
of the contaminants that contained elements other than hydrogen, oxygen, and carbon.
An estimate was then made of the possible products of combustion and amounts pro-
duced. In arriving at this estimate the most toxic products possible were considered.
Results are presented in Table 7-1 and Table 7-2.
7.3.2 Quantity and Performance of Sorbent Required
It can be seen from Table 7-2 that the production of either HF or COF 2 creates the
greatest post sorbent requirements, i.e., 75 gm of LiOH. This amount of lithium
hydroxide, or its equivalent of lithium carbonate, will remove 62 gm of HF or 104 gm
of COF 2 .
To obtain a high removal efficiency in the post-sorbent canister, a small particle
diameter was selected and twice the required (stoichiometric) quantity of lithium
hydroxide was chosen. By requiring that the lithium hydroxide be only 50 percent
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Tablc 7-1
MAXIMUM POSSIBLE S I'()ICIIIOMETRIC NUMBER OF IN()RGANIC
COMBUSTION PRODUCTS FROM CATALYTIC OXIDIZER
Contaminant Formula
Ammonia
Carbon Disulphide
Chlorine
Chloroacetone
Chlorobenzene
Chloropropane
Cyanamide
DiMethyl
Hydrazine
Ethylene
Dichloride
Ethyl Sulfide
Ethyl Mereaptan
F reon- 11
Freon-12
Freon-22
Freon-23
Freon- 114
Freon- 114 unsym
Freon- 125
Hydrogen
Chloride
NII 3
CS 2
CI 2
C3H5C10
C6H5C1
C3H7C1
CII2N 2
(Oil3) 2 N2H 2
tIF HCL
2
1
1
NO 2
1
SO._ SiO.) tICN
1
-J
'2
"7
C '2H.2 C 1.2 ' "2
C2H5S
C2H6S
CFCI 3 1 3
C F2C12 2 2
CHF2CI 2 1
CHF 3 3
C 2 F 4 C12 4 2
C2F4C12 4 2
C2F5 H 5
HC1 1
1-1,"2 1-1/2[1 2
l 1 1
1'2 1/2 1
I 1
I 1
1/"2 11'2
COF.,
1-1/"2
'2
2
_-I "2
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Hydrogen Fluoride HF
Hexamethylcyclo- (CH3) 6 (SiO)3
trisiloxane
Hydrogen Sulfide H2S
Methylene CH.) CI2
Chloride
Methyl Chloro- C2H3C13
form
Monomethyl CH6N 2
Hydrazine
Methyl Mercaptan CH3SH
Nitric Oxide NO
Nitrogen N204
Tetroxide
Propyl Mercaptan C3H8S
Sulfur Dioxide SO 2
Trichloroethylene C2H C13
Tetrachlor- C2 C14
ethylene
Tetrafluoro- C2 F 4
ethylene
Freon-21 CHC12F
Vinyl Chloride C2H3C1
Vinylidene C2 H2C12
Chloride
Table 7-1 (Cont.)
HF HCL
1
3
3
4
NO 2 SO 2
1
2
1
1
2
1
1
4
1 2
1
2
SiO 2
3
HCN
2
COC12 C12
1 1
1-11t2 1-1/"2
1-1/2 1-1/2
2 2
1 1
1/2 1/;2
1 1
COF 2
1/2
2
1/"2
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J/ Tat)Ie 7 - 2
DAT.\ F()R P()ST-SORBE]¢ DESIGN
Combustion
• Pr(,duet
llY
IICI
NO.,
SO.,
SiO.) *
HCN
COC12
CI
'2
COF 2
Quantity of Product
Pr(giuced in 14 Days
(gm)
62
44
45
33
115
8"3
1 O4
Quant it5., I .i( ) H
Required for
Complete Removal
(gin t
75
5(;
:;4
29
64
34
75
*Not a gas at SMAC
reacted t)y the end of the mission a significant improvement in removal efficionev is
obtained. Data on CO o absorption with 6 - S mesh LiOH* indicate an s0 percent
removal per pass at 50 percent of stoichiometric and a 20 percent removal per l)aSs
at near 100 percent of stoichiometric capacity. These data were taken at a SUl)erficial
space velocity of 60 rain. -1 which is close to the design superficial space.velocity of
the lmst-sorTmnt bed, 95 rain. -1, based on a flow of 1.1 cfm and a volume of 20 in.:;
Sin_e the combustion products are, in general, more easily removed by l.iOlt than is
CO.) , removal efficieneies at least as great as those quoted alx)ve can I)e ot)tained.
By changing the mesh size from 6 _" 8 to 20 x 35, an improvement in removaleffieienev
is achieved as shox_m in Fig. 5-5.
*Garrett Corp. A e.ceptance "rests.of Enxironmental ('ontrol ,qysl3_m 5t 148, e\dx:_m'ed
Biomedical Capsule, I.oekheed Missiles K Space C()mpanv, l{ept. Nr,. SS-6.q._-t_,
p. 27, "2 March 1962, Los Angeles, California
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Finally, any combustion products leaving the post-sorbent canister must pass through
the main LiOH canister where reduction to concentrations of less than SMAC will be
ensured.
7.3.3 Summary
The post-sorbent canister contains a volume of 20 in. 3 of LiOH or Li2CO 3. It is
3.45 inches in diameter and 2.15 imches long. Pressure drop through the canister is
0.6 inch of H20 at 5.0 psia and 190" F.
7.4 TOTAL SYSTEM PERFORMANCE
Total system performance includes contributions from adsorption on the existing Apollo
charcoal, adsorption on the added 8 Ib of charcoal, sorption by the LiOH and the H3PO 4,
solution in the atmospheric condensate, and catalyticoxidation.
The following sections discuss the removal system performance under normal and
"upset" conditions.
7.4.1 Performance Under Normal Conditions
Several methods of contaminant removal exist in the present Apollo system, i.e.,
removal by:
• The humidity control system
• Lithium hydroxide for carbon dioxide removal
• The charcoal in the present lithium hydroxide charges
Apollo cabin leakage was not considered as a removal source during thisprogram.
The system designed for this program includes contaminant removal by catalyticoxi-
dation and sorption on impregnated charcoal. A post-sorbent canister is provided for
the removal of products of oxidation from the catalyticoxidizer.
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The removal capabilities of the above devices are limited either by capacity (quantity
of removal material) or flow rate. The flow-limiting parameter is the product of flow
rate and removal efficiency, F_r.
The catalytic oxidizer is flow-limited only, the LiOH bed is flow-limited, the charcoal
beds are either flow-limited or capacity-limited, depending upon the contaminant, and
removal by water solution is capacity-limited.
The removal capability of flow-limited devices is shown in Figs. 7-8 and 7-9.
Figure 7-8 shows the flow-rate required for removal of each of the 88 contaminants,
(exception methane and hydrogen) at a rate of 6.5 gin/day. Similar data for methane
and hydrogen are shown in Fig. 7-9. These figures can also be used to determine the
allowable production rate for given values of SMAC and Fflr. The contaminants of
interest are indicated by number at their SMAC values; an identification list fol-
lows Fig. 7-9. As can be seen from these figures, the lower contaminant concen-
tration, the higher the flow rate required to achieve a specific removal capability. It
is also apparent that for many of the contaminants a removal capability of 6. 5 gm/da.v
would be highly impractical. For dimethyl hydrazine, a flow rate of 780 cfm would be
required with a device having a 100-percent removal efficiency. In addition, calcula-
tions have shown NH 3 and CO to be produced at less than 6. 5 gm,/day.
In view of the limitations of space, weight, and power in the Apollo vehicle, a system
which would be feasible to include in the Command Module was proposed. This system
comprised the following:
o Inclusion of Barnebey Cheney BD impregnated with H3PO 4 as the charcoal
in the Apollo LiOH canister
Addition of the catalytic oxidizer operating at 785°F, with a flow of 1 cfm,
and using 1 percent Pt - 1 percent Pd on A1203 as the catalyst
Provision of 20 in. 3 of LiOH (or Li2CO 3 ) as a post sorber for the catalytic
oxidizer
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,,', LEGEND FOR FIGURE 7-_
NO.
1
2
3
4
5
6
7
8
9
l0
ll
12
13
14
15
16
17
18
19
2O
21
22
23
24
25
26
27
28
29
3O
31
32
33
34
35
36
37
38
39
4O
41
42
43
44
Contaminant
Ac etone
Acetaldehyde
Ac ety lene
Allyl Alcohol
Ammoraa
Amy] A!roho!
Benzene
n-Butane
Butene- 1
cis-Butene-2
trans-Butene-2
n-BuW1 Alcohol
Butyraldehyde
Butyric Acid
Carbon Disulfide
Carbon Monoxide
Chlorine
Chloroacetone
Chlorobenzene
Capry. lic Acid
Chloropropane
Cyc lohexane
Cyclohexanol
Cyanamide
1, 1, -Dimethylcyclohexane
Trams 1-2, Dimethylcyclohexane
2,2-Dimethylbutane
1,4-Dioxane
Dimethylhydrazine
Ethyl Alcohol
Ethyl Acetate
Ethylene Dichloride
Ethylene
Ethylene Glycol
trans-1, Me-3 ethylcyclohexane
Ethyl Sulfide
Ethyl Merceptan
Freon- 11
Freon-12
Freon-22
Freon-23
Freon- 114
Freon-ll4 Unsym.
Freon- 125
No.
45
46
47
48
49
0
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
7O
71
72
73
74
75
76
77
78
79
8O
81
82
83
84
85
86
87
88
Contaminant
Formaldehyde
Hydrogen
Hydrogen Chloride
Hydrogen Fluoride
Hexene- 1
n-Hexane
Hexamethy!cyclot risi!oxane
Hydrogen Sulfide
Indole
Isopropyl Alcohol
Isobutyl Alcohol
Methylene Chloride
Methyl Chloroform
Methyl Ethyl Ketone
Methyl Isopropyl Ketone
Methyl Alcohol
3-Methyl Pentane
Methane
Monomethylhydrazine
Methyl Mercaptan
Nitric Oxide
Nitrogen Tetroxide
Nitrous Oxide
Propylene
Isopentane
n-Pentane
Propane
n- Propy lac et at e
Propyl Mercaptan
Phenol
Skatole
Sulfur Dioxide
Toluene
Trichloroethylene
Tetrachloroethylene
1, 1, 3 - Trimethylcyclohexane
Tet rafluoroethylene
Freon-21
Valeric Acid
Vinyl Chloride
Vinylidene Chloride
m-Xylene
o-Xylene
p-Xylene
7-21
LOCKHEED MISSILES & SPACE COMPANY
M-58-65-1
A
E
u
tJ-
>_"
u
Z
uJ
u
u_
u.
--J
>
O
tk#
X
UJ
b.-
O
-J
IA.
1000
100.0
10.0
0.01
0.1
/
I I
•, I0
PRODUCTION RATE (gin/day)
100
Fig. 7-9 Contaminant Concentration Vs. Removal and Production Rates
(Methane and Hydrogen Only)
7 -22
LOCKHEED MISSILES & SPACE COMPANY
M-5_-65-1
Addition of 8 lb of ]la,'ncby Cheney BD charcoal imt)regn:tted with It;_P() 4 ,
with a flow rate of appro?dmately i0 ctm
4
The predicted removal capability of the Apollo environmental control system, includ-
ing the above additions, is tabulated in Table 7-3 for all contaminants removed "it less
than 6.5 gin/day. Contaminants not on this list are removed at a rate -- (;. 5 _,m_/day,
with the exception of H 2 and CtI4, which are each removed :it the rate of 1.1 Em_ m.('it'S
day. On the basis of available information there is no reason to expect produ_'ti(,n talcs
greater than the above v;tlues.
7.4.2 Performance Under Upset Conditions
An "upset" condition has been defined for this program as a condition in which a con-
taminant in the spacecraft suddenly increases its concentration to 5 times the SMAC
value, or 2.5 times the SMAC value for CIt 4 and H 2 . The requirements for an upset
condition are that the trace contaminant removal system shall reduce the contaminant
concentration from the upset level to SMAC within four hours.
Method of Analysis. The analytical approach is described below, 1,ased on the relation
that the mass of contaminant in the cabin atmosphere is equal to the mass pro(tue(,d
minus the mass removed.
l_Istored = _Iproduced - Mremovc d (6 i
or
dC - M r (7),--5v = . Ip
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1
2
3
4
5
8
9
i0
!1
16
17
29
30
33
37
38
39
40
41
44
45
47
48
56
57
6O
63
64
66
67
68
71
73
74
76
78
81
82
84
85
Table 7-3
REMOVAL OF CONTAMINANTS (g'm/day) BY CONTRIBUTIN(
Contaminant (1)
Acetone
Acetaldehyde
Acetylene
Allyl Alcohol
Ammonia
n-Butane
Butene- 1
cis-Butene-2
Carbon Monoxide
Chlorine
Dimethyl Hydrazine
Ethyl Alcohol
Ethylene
Ethyl Mercaptan
Freon- 11
Freon- 12
Freon-22
Freon-23
Freon- 125
Formaldehyde
Hydrogen Chloride
Hydrogen Fluoride
Methylene Chloride
Methyl Chloroform
Methyl Alcohol
Monomethyl Hydrazine
Methyl Mercaptan
Nitrogen Tetroxide
Nitrous Oxide
Propylene
Propane
Propyl Mercaptan
Phenol
Sulfur Dioxide
Trichloroethylene
Tetrafluoroethylene
Freon-21
Vinyl Chloride
Vinylidene Chloride
A
0.53
O. 34
3.24
1.16
O. 27
O. 27
0.32
0.06
0.09
0.05
0.01
0.05
0. 16
0. 16
0.27
3.02*
0.23
0.03
0.39
B*
O. 84
1.94
0.56
2.50
3.60
C
0. 12
0.04
0.01
0.01
0.02
1.89*
0.04
ME CH,_N ISMS
D* E
0.32 3.72
1.94
1.15
0.21"
1.47*
0.30 3.58
0.22 2.60
0.22 2.60
0.28 3.36
0.90
0.04*
0.15 1.84
1.27
0.52
2.32
1.70
0.16
0.60
0.04
1.32
3.10
1.42
1.74
0.33
0.001
1.85
3.38
0.26 3. O4
0.10 0.80*
3.16
0.08
1.08
2.70
0.32 4.04
Total
(gm/day)
4.57
1.94
1.15
0.67
4.75
5.04
3.09
3.09
3.96
0.90*
0.84*
0.20
2.15
1.27
0.58
2.41
1.75
0.16
0. O2
0.61
0.04
3.83*
0.56
1.37
3.26
1.42
1.90
0.37
2.50
0. 001
1.85
3.38
3.57
3.92
3.60
3.39
0.08
1.1]
2.70
4.75
A = 4 lb B&C BD, 10 x 12 mesh, impregnated with H3PO 4 (flow rate = 34 cfm)
B = Apollo IAOH canister (flow rate = 34 cfm)
C Water solubility (condensation rate = 1.44 x 104 gm/day H20 )
D = Catalytic oxidation 12-4 at 785°F (flow rate = 1 cfm)
E = 8 lb B&C BD, 4 x 10 mesh, impregnated with H3PO 4 (flow rate : 10 cfm)
* Flow
(1) Contaminants not listed are removed at a rate greater than 6. 5 gm/day
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where
C = contaminant concentration
0 = time
V = cabin volume
_Ip = contaminant production rate
M r = contaminant r_moval rate
Since contaminant removal rat(, is l)roportional to contaminant concentration
- I'r c
Xl -
r C.
1
where
•_I'r = contaminant removal rate at concentration C i
C i = contamimmt concentration prior to upset
Combining equations (7) and (S):
 "rO
do V C.V
1
(9)
Solving this differential equation anti using the boundary condition that
at A0 = 0, C = 5C s (upset condition)where C s = SMAC.
A0
C.V
1
o !
M r
- _ In Ci P
C i
(10)
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Solving for C at A0 = 4 hours,
-4M'r/CiV [ 5 l_I'CsCi lVI___] 1VIpc - _ +
C : • (11)
Mr
Ci
Equation (11) was used to solve for the concentration of the 88 contaminants (excluding
CH 4 and H 2 ) 4 hr after upset condition. For the case of CH 4 and H 2 the equation
was modified to account for the boundary condition, that at &0 = 0 , C = 2.5 C s .
Conclusions. The 88 contaminants, excluding CH 4 and H 2, analyzed for the upset
condition fall into three categories.
• Contaminants for which the system removal capability exceeds the production
rate of 6.5 gin/day
• Contaminants for which the removal capability equals the production rate
which is less than 6.5 gin/day and the cabin contaminant concentration is
less than SMAC
• Contaminants for which the removal capability equals the production rate,
which is less than 6.5 grn/day and the cabin concentration is equal to SMAC
For contaminants in the first two categories, the concentration 4 hr after an upset is
always below SMAC.
For the contaminants in the third category the concentration 4 hr after an upset is
always above SMAC. For several of these contaminants, however, the concentration
4 hr after upset is only a fraction of a percent greater than SMAC. The remaining
contaminants in the third category, whose concentrations are not within 1 percent of
SMAC 4 hr after an upset condition, are listed in Table 7-4. This table indicates the
contaminant, its SMAC, and the concentration 4 hr after an upset.
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No.
I o
i -
16
[
;33
44
45
46
G(l
(;2
64
6S
71
S4
T:d)h' 7-4
CONTAMINANT LEVELS F()ITII ItOUIIS AFTEII AN I'PSET C()Nq)ITION
Contain inant
Aeetaldehyde
Acetylene
Carl xm 31(,noxide
Ethylene
Freon-2:;
Fo rm aldehyde
tlydr(,gen
Methyl Alcohol
Methane
Methyl Mercaptan
Propylene
Propane
Vinylidene Chloride
SMAC
(rag/m:;)
-7-
Vehicle I*:al:age l Vehiule t,eak,tge
Zero t O. 12 cfm
t
i
C{)ncent ration * _ Con(.t, tl[ r:d ion*
" ' (rag 'n;:;ira..o/m.' I ! )
1 l_l
51
72
:;74
",.:}
246
346O
17
] 1t5
190
154
-I7
2_
.pj
31
77,
1
215
"t4
172(I
N
45
67
91;
57
-t 5
(;:;
:_2:;
217,
69
:;010
_2
1(;',
1:_7
*Contaminant concentration 4 hr after an upset condition
These calculations were performed for a condition of zero cabin leakage (which has
been the assumption for estahlishing steady state removal capability) as well as for an
assumed cabin leakage of 0.12 cfm. It is apparent from TaMe 7--t that consideration
of vehicle leakage does little to l_,wer the concentration after an upset. From this it
is evident that it would take a very large increase in removal capabiiity t_:dore the
upset condition requirements could tm satisfied for these contaminants.
It is interesting to note that all of the contaminants listed in Talkie 7-4 with the cx('eption
of Freon-23, utiiize the catalytic oxidizer as the l)rimary rem_-'al source. To be able
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to satisfy the upset condition, the catalytic oxidizer flow rate must increase by a
factor of approximately 5 to 10. This would impose a prohibitive increase in volume,
power and weight.
Another way to view this problem is to consider reducing the steady-state production
rates, by a factor of approximately 5 to 10, for these problem contaminants. This
production rate.
In an operational vehicle it is reasonable to assume that the total contaminant pro-
duction will consist of a large number of relatively small contributions.
It should be recognized that the data in Table 7-4 assumes each contaminant to be
produced at its maximum rate, i.e., 6.5 gin/day for all contaminants except hydrogen,
methane, and those listed in Table 7-3. For hydrogen and methane, maximum pro-
duction rates are 1.1 gm moles/day. For those contaminants in Table 7-3, maximum
allowable production rates are listed in the last column.
With the exception of CO, the maximum production rate assumption for the contamin-
ants shown in Table 7-4 is felt to be quite conservative for an operational vehicle. If
the total contaminant production rate is shared by all of the contaminants, any one
(except CO ) will probably be significantly below its maximum value. In this event the
problem of clearing an upset condition will be greatly reduced.
7-28
LOCKHEED MISSILES & SPACE COMPANY
M-3q-t;5-1
#i.."
_,et ion
SYSTEM DESIGN
The following subsections describe major design Ieatures of the c()nl:ln]inant control
fi\:' St e.Y!l.
8. 1 blAIN SOl{BENT CANIS'I'EI{
The main sorbent canister is 12..5 inches long and 11. 1 inches indkimelcr, l)esi_m,,l
the main sorbenl canister provides fOl' ease anti c,)nvenience of assembly. The for-
ward end of the canister is removable for servicing tl"ig, s-l}. All but three of the
canister components :ire fabricated from 60t;1 aluminum. The welded assembly has
been designed to prevent the entrapment of contaminating solutions during the anodiz-
ing process. The fan retainer and the lid retainer arc fabricated from 3q)() series
stainless steel to prevent galling between mating threads.
Located at each end of the charcoal bed is a wire mesh filter screen backed by an
0. 125-inch plate. The plates are perforated to allow gas flow. vet act as a restraint
for the ehareoalduring vibration and acceleration loads. At the inlel a spring, fat)ri-
cared from stainless steel, exerts a load of 40 pounds ()n the back-up plate t_ tn'_'\-(,nt
channeling of the charcoal duri lift, ;,ero-g operation.
The outlet end of the canister houses a small, removable, vanea_xial blower which
delivers 10 efm at 0.2-inch l I.,() (at 5 psia). An Orl,m filter is placed upstream ()f
the blower. Sealing is accomplished by the use of a face-tylJe O-ring packing localcd
at the inlet end of the canister and a gland-type O-ring packing at the outlet end of ihc
canister.
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8.2 CATALYTIC OXIDIZER
The catalytic oxidizer is 10.2 inches long and 6.2 inches in diameter. The unit con-
tains an inner body consisting of a regenerative heat exchanger, heater, and catalyst
bed. The inner body is made up of a stainless steel regenerative heat exchanger of
brazed and welded construction with an integral inlet and outlet port. Fitting ends are
per MS 33656-8 for flared tube connections.
A machined flange on the ported end is used to mount the heater assembly and form
one end of the catalyst bed. Two machined flanges on the opposite end are used to
form annular gas passages, one of which is used to locate the spring retainer. The
spring retainer forms one gas passage and locates the springs so that they apply pres-
sure to two catalyst screens to keep the catalyst from channeling during zero-g opera-
tion. The spring retainer is sealed with a metal O-ring and secured with a threaded
ring. The end cap is attached by threads to the outer flange. The end cap forms a
gas passage and is used as a support for the heat exchanger assembly.
The heater assembly consists of a stainless-steel flanged body with a stainless-steel
tube brazed on one end. On this tube a porcelain insulated nichrome wire heater is
wound and terminated in a connector mounted on the flange body. This assembly is
secured to the heat exchanger at the port end of the catalytic oxidizer by the threaded
ring and sealed with a metal O-ring. The opposite end of the heater assembly is held
in place by the spring retainer (Fig. 8-2).
An aluminurn plate is used for the cover of the outer cylinder and this cover contains
a vacuum port and electrical connector. To this cover the heat exchanger assembly
is attached with an O-ring sealed bolt through a melamine thermal insulator. The
inlet and outlet port fittings are sealed and secured to the cover with O-ring seals and
jam nuts. Bellows are used between the heat exchanger and the fittings to ensure
alignment and thermal expansion control. The assembly is then installed in the alu-
minum outer cylinder and supported at the opposite end by a thermally insulated slip
joint. The cover is then attached with a threaded stainless-steel ring. Sealing is
accomplished with the use of an O-ring face seal.
8-2
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5.3 POST-SO1RBENT
The post-sorbent canister is 6.0 inches long and 4.50 inches in diameter. The size
has been determined by the same ol)timization technique as was used for the main
sorbent canister. The basic design of the unit is the same as the main sorbent canis-
ter and fabricated from 60C, 1 aluminum. The lid retainer is fabricated from :_0o series
stainless steel to prevent galling between threaded parts and the weldment assembly
has been so designed to prevent contaminant trappage during the anodizing process.
At each end of the canister, between the LiOH bed. are located 0. 080-inch perforated
back-up plates, wire mesh filters, and Orlon filters. A stainless steel spring is
located at the inlet port which exerts a pressure of 20-1b on the backup plate to pre-
vent channeling of the LiOl{ during zero-g operation (Fig. t_-3l.
The inlet end of the post-sorbent canister is fitted with a removable lid to provide
ease of service and assembly. The lid is held in place by the use of a threaded retain-
ing ring. Sealii_g is accomplished by the use of a face-type ()-ring packing. Inlet ar_t
outlet ports are per MS 33656-8 for flared tube connections.
8.4 CONTROLLER
The control and display unit will be capable of remote control of the catalytic oxidizer
and main sorbent bed fan. Both automatic and manual control of the catalytic oxidizer
are provided. A mass flowmeter is used to indicate the flow of gas through the cata -
lytic oxidizer. An indicating pyrometric controller automatically controls the heater
operation and gas flow. A large easily read temperature dial is used which provides
continuous indication ot the internal temperature of the oxidizer. A second indicating
pyrometer provides a read-out for oxidizer inlet and outlet gas temperatures. A
selector switch is provided below the meter for inlet or outlet teml)erature selection.
G-G
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The electrical system power requirements are as follows:
115 v 60 cps, 15 w
115 v 1 phase 400 cps, 8 w
28v DC, 200w
A master panel power switch provides on and off control of all power systems, each .
of which are fused.
Automatic and manual mode control of gas flow and heater control are provided as
well as control switches (on/off) while in the manual mode. The main sorbent fan
switch is located just under the master switch on the panel face. An overheat indi-
cator is energized automatically whenever the high temperature limit is exceeded.
In addition, an audible buzzer is energized which may be placed in the inactive mode
by the buzzer control switch/light.
The panel configuration is functionally arranged for ease of operation and rapid assess-
ment of system performance. All switch lights are white, except the "overheat,"
which is red (Fig. 8-4).
The Control/Display unit will be portable, weighing about 25 lb and measuring 14-1/2
inches high, 20 inches wide, and 11 inches deep. The control panel may be removed
from the case and remounted in a standard rack with no modifications required. The
electrical system schematic is shown in Fig. 8-5.
8.5 STRUCTURAL ANALYSIS
Structural analyses were performed on the catalytic oxidizer and the main sorbent
bed. These analyses investigated the ability of the components to withstand collapse
and burst pressures, also the predicted dynamic shock loads. The components were
found adequate to withstand all of the loadings if attached by the provided connections.
If some other method of attaching the components is used, ability to withstand the
shock loads should be re-analyzed.
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No analysis was t,e,'l,,rmt-d ,,n lil_ _ I_().'_.-NOFt,i":ll bt'd l_t.t':tt;s(. _1' its si:nila:'il- _,,the
main sorbcnt bed.
g._; INTE(;RATION \VITIt :\P()I,IS) I':NVIIittNMVNTAL('i)NTII()I. SYSTEM
t.'or lhe reasons Slatted in sul)sct.ti(m t;.2. 1. the inl_.q to th¢, ci_l:llvti{, t,xidizov and post
sorbcnt oanister is h_calt.d lust d,,w]lsl}'e[tHl of t11¢.' A!_(,llo "(),t,Jr and C(): ]lc, m,)\al
• " I I .... ' " 1; . , _ , +l.Canister. :is shown ii; l'i._. _,-, . .-_t'"this poinl a ,_,,_ ol 1 (,Ira i_ _,it-cu,.,11_ _,,u-
(.atalvtic oxidizer: it is rcturn(.d t() the main flow stream al the inl,g t(, th(. suit com-
])I'CSSOI'S.
In order to ,minimize the c(,ml)l('xily ()t integration with the :\polio envir, mmcnml ,.;,n-
trol s.vslem, the. main sorl)cnl bed has bt-t.n desi_mod with sufficient v{.rsatilitv I,, all_,w
its location in any ol the following ways.
• l-'ree-s!anding in lhe Apollo command modult,
• In l)aralhq wilh the suit-lool_ IAOH canislcr
• In parallel with the suit-loop flow between the suit COml)rcssm's :}nd
the I,iOH canistu,"
The. tirst alternate was chosen as the base-line design.
_'-]5
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Section !,
TEST PLAN I"OR PI{i)TOTYPE EVA 1,UATI()N
The experimenkal evaluation of tile protog'l)C trace contaminant control system will
....................... .............................. , :,)i_ g: .'___tedsy_-tem test. The
lollo_mg sections describe ti_c plans for conducting ti_ese tests.
9.1 SUBSYSTEM TESTS
9.1.1 Catalytic Oxidizer - Post-Sorbent Subsystem Test
Objectives
• Check out operation of the catalytic o._idizer controller including
automatic and manual operation
• Determine the overall pressure drop of the catalytic oxidizer and
post-sorbent canister at design conditions*
• Determine the t)ower required by the catalytic oxidizer at (tesig3_
conditions
• Determine oxidation efficiency with the contaminants listed in
Table 9-1 under both normal and upset conditions
• Determine the presence of products of combustion and the ability
of the post-sorbent to remove these compounds
Apparatus
The apparatus to be used in the catalytic oxidizer - post-sorbent subsystem test, is
shown in Fig. 9-1. The test equipment will include the following major elements: :
• Cylinders for contaminant, oxygen and carbon dioxide supply
*5 psia, t inlet = lq0 "F, T -- (). 03 #|t90/_ _O,,a ' tcatadyst 755 _F, Flow = 1 cfm
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Fig. 9-1 Test Apparatus for Catalytic-Oxidizer/Post-Sorbent Subsystem
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• A temperature c_mt:,d]ecl uate_ hut)l)ler fin- hu:niclilv conlro]
• Flow meters tt) monit<,x" contaminant and t,)tal t]ow rate._
¢I • O" *
• Total pressure _,au_,eo to nmasurc --.5'stem t)FL, s._UI'C
• A total pressurt' regulatm" to control system pressure
• A manometer to dek, rmtne pressure drop across the c,ttalytic
o.,cidize r-post-sorbent unit
• A vacuum pump and fl¢)_ control valve to control system flow rate
• An atmosphere monitoring facility to perform gas analysis
Procedure
The catalytic oxidizer-post-sorbent subsystem test u ill t)e perl0rmed in the following
manner:
Controller Checkout The controller will he energized, and operation of the
automatic heater control and shutoff valve control will be verified. Manual
heater operation and manual shutoff valve operation uill then be verified.
O_'gen flow will be est_lblished at design conditions anti the l]ownlctt, r reading
on the controller will St: verified.
Power and Pressure Drop Determination With the controller energized in the
automatic mode and the system at design_ conditions, the system prc'ssurc cir,)l)
and power consumption _till he measured.
Determination of Oxidation Efficiency With the system operating at dcsign_
conditions, the contaminants listed in Table 9-1 (Oxidation Efficiency Study)
will be introduced at the system inlet. This will be done for normal and upset
conditions. For each of these conclitions the system will be allowed a) stabilize
for several hours before inlet and outlet contaminant concentrations are
measured.
Determination of Post-Sorbent Performance With the system operating at
design conditions, the contaminm_ts listed in Table 9-1 (Products of Oxidation
Study) will be introduced at the system inlet. This will be done for normal con-
ditions. The system uil] be allowed to stabilize for several hours and then
9-3
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/ ,- .: Table 9-i
CONTAMINANTS TO BE INTRODUCED DURING
CATALYTIC BURNER-POST-SORBENT SUBSYSTEM TESTS
Oxidation Efficiency Study
Contaminants Introduced
Carbon Monoxide
Acetylene
Formaldehyde
Methyl Mercaptan
Propylene
Methane
Hydrogen
Contaminants Monitored
All contaminants introduced
Products of Oxidation Study
Contaminants Introduced
Freon-114
Hydrogen Sulfide
Dimethyl Hydrazine
Contaminants Monitored
All contaminants introduced and:
Hydrogen Fluoride*
Phosgene*
Hydrochloric Acid*
Sulfur Dioxide*
Nitrogen Dioxide*
*Monitored at catalytic oxidizer and post-sorbent exit only.
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9.1. 2
contanlinant co)_ccntr:tti_,n.-_ x_i]l i)c nit:_-.urc_d :tt th. ,_ c3.til]\ Li(, ¢,xitlizcl' inJcl,
catalytic oxidizer ,,uttcl and t,,)st--s(,rbt-nt outlet.
Main Sorbt,nt Test
Objectives
• Determine. the pressure drop and pout.r required
• Do.termine the rtsmov'll cfficicnt_y ()f the main sorl)cnt, at d(_sign contlitiol_s,*
with the contaminants listed in Table 9-2, for normal and upset contaminant
coneelltrations,
Apt)a ratus
The apparatus to be used in the main sorbent bed sul)system test is shown in Fig. _)-2_
The equipment used will include the following major elements:
• Cylinders for oxTgen, contaminant and carbon dioxide Sul)pl3
• Motorized syringe for liquid contaminant introduction
• Water bubbler for humidity control
• Flow meter to monitor ('()ntaminant intro, lucti()n rates
• Total pressure gauge to monitor s3stem prcssur(.
• Velocity indicator to monitor system flow rate
• Vacuum l)ump for initial system purge
• Atmosphere monitoring facility to perform gas analysis
• Manometer to determin(: system pressure drop
Procedure
The main sorbent subsystem test will be performed in the following mare,t.)':
Controller Cheek-out The controller will I)e cn(,rgize.d an(I ,)l)_:ration of the
fan will t)e verified.
*5 psia, tinle t = IIO°F, 7 = ().0:1 ull.)O, _().), PCO., -- 7.6 mm fig, Fl(.)_v -- I() c'fm
!)-5
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Table 9-2
CONTAMINANTS TO BE INTRODUCED DURING
MAIN SORBENT SUBSYSTEM TESTS
Ik,._"tJAAfbI_t, JLJ.A,LAA¢_.LA_ JLAJ_JL _.A_U
Acetone
Ammonia
n- Butane
Butene- 1
Trans Butene-2
1, 4-Dioxane
Ethyl Acetate
Ethyl Alcohol
n-Butyl Alcohol
Preon - 11
Freon - 12
Freon -21
Freon - 22
n- Hexane
Methyl Chloroform
Nitrous Oxide
Propyl Mercaptan
Toluene
Trichloroethylene
r,_,,_,_,._,_,= Moni*_red
All introduced plus phosphoric
acid
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Power and Pressure Drop Determination With the controller and fan energized,
and the system at 5 psia, fan power consumption will be measured. With the
controller and fan energized, and the system at 14.7 psia, pressure drop will be
measured. •
Removal Efficiency With the system operating at design conditions, the con-
taminants listed in Table 9-2 will be introduced at specified rates (totaling
24 hours.
At the beginning and end of the tust period, inlet and outlet contaminant concentrations
will be measured.
After these measurements have been made, sufficient quantities to cause an upset of
n-butane and Freon-ll will be injected into the gas stream. This will be done with
the contaminants listed in Table 9-2 still being introduced at a total of 6.5 grams/day.
The concentrations of the 2 upset contaminants will be monitored, at the canister out-
let, for at least 4 hours.
9.2 CLOSED- LOOP TESTS
9.2.1 Objectives
The objective of this test is to determine the performance characteristics of the trace
contaminant removal system (catalytic oxidizer, post-sorbent, and main sorbent)
when integrated with an Apollo-type environmental control system.
9.2.2 Apparatus
The apparatus to be used in the closed loop test is shown in Figure 9-3. The equip-
ment used will include the following major elements:
• LMSC Two-Gas Regenerative Life Support System, to provide thermal con-
trol, humidiW control and simulate Apollo contaminant removal via lithium
hydroxide, charcoal, and water condensation.
9-8
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1"! • Operating consoles to operate the Two-Gas Regenerative Life.Support System
and introduce water-soluble contaminants
• Atmosphere monitoring system to perform gas analysis
• 200 ft 3 altitude-chamber lock to provide Apollo free volume simulation
• Contaminant introduction console to introduce gaseous and liquid (water-
insoluble) contaminants
• Ducting to connect and circulate gas between the altitude chamber and the
Two-Gas Life Support System
9.2.3 Procedure
The catalytic oxidizer, post-sorbent and main sorbent beds will be installed in the
chamber lock. The atmosphere will be controlled to 5 psia, pure oxygen. All systems
will be energized, and the contaminants listed in Table 9-3 plus carbon dioxide, water
vapor and heat, will be introduced into the chamber at spe_cified rates (contaminants
totaling 6.5 grams/day, excluding methane and hydrogen*). The system will be oper-
ated, and the contaminants introduced, for 5 days. During this time, data will be taken
on contaminant concentrations within the chamber, for the contaminants indicated in
Table 9-3.
After five days of operation at the above conditions, sufficient quantities of Freon 11,
n-butane, hydrogen, methane and carbon monoxide (to cause upset conditions) will be
injected into the chamber. This will be done with the contaminants listed in Table 9-3
still being introduced at a total of 6.5 grams/day (excluding methane and hydrogen).
The concentrations of the five injected contaminants will be monitored for at least
eight hours.
*Introduction of methane and hydrogen will be at the rates of 8.8 and 1.1 gin/day
respectively.
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Table 9-3
CONTAMINANTS TO BE INTRODUCED DURING CLOSED LOOP SYSTEM TESTS
Contaminants Introduced
Acetone
Acetylene
Ammonia
n-Butane
Butene- 1
trans Butene-2
n-Butyl Alcohol
Carbon Monoxide
1, 4-Dioxane
Ethyl Acetate
Ethyl Alcohol
Formaldehyde
Freon 11
Freon 12
Freon 21
Freon 22
Freon 114
n-Hexane
Hydrogen
Hydrogen Sulfide
Methane
Methyl Chloroform
Methyl Mercaptan
Monomethyl Hydrazine
Nitrogen Tetroxide
Propylene
Propyl Mercaptan
Trichloroethylene
Toluene
Sulfur Dioxide
Contaminants Monitored
All contaminants introduced,
plus Phosphoric Acid, Hydro-
gen Fluoride, Phosgene, and
Hydrochloric Acid
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CONCLUSIONS AND RECOMMENDATIONS
The major conclusions from the Ph'lse ! effort nre:
• Barnebev Cheney BD charcoal has superior performance for the a_lsorption
of most of the contaminants of inter_,st
• Impreglaation of this charcoal with H3PO 4 provides a significant capaci_" for
ammonia rt;moval without sL.riously affecting its removal C:ll)abllity for other
contaminants
• The use of a 1_:_- Pt- 1": Pd catalyst dispersed on 1/_" A1203 spheres pro-
vides the capabili_ for 100 :: conversion ,_f CO at 75 F
• The A1203 supported cal_lyst has substantially greater strength than the
co-precipitated metal oxide cat_flysts and therefore is prederred for space-
craft use because of the rigorous launch environment
• The provision of a relatively smal! LiOH, or Li2CO 3, bed do_strt,:Jm of
the catalytic oxidizer is sufficient for the removal of undesirable combustion
products
The major recommendations resulting from the Phase 1 effort are:
• Proceed with the fabrication and evaluation of a main sorbent canister,
catalytic oxidizer, and post-sorbent canister to provide augmeP, ted contami-
nant removal capability for the Apollo command module for use when this
need is clearly identified
• The main sorbent bed should contain _ lb of 4 x 10 mesh Barnebey Cht'ney
BD charcoal impregmated with H2PO 4. Flow rate through the canistc, r
should be approximately 10 cfm. Length, diameter ratio of the canister
should be approximately 0.5
10-1
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• The catalytic c,_dizer should contaiP 17.'_in3 o! I .:Pt- I"7 Pd catalyst
dispersed on AI203 spheres. The reactor ._hould hart- a ]engt}_ diameter
ratio of approximately 2, and operate at a fI(,_ rat(. of I cfm, a space veloci_"
of 15,000 hr -l and an average temperature of 7_5°F.
• The post'-sorbent canister should contain appro.xinlately 20 in3 of 20 x 35 mesh
LiOH or Li2CO 3
• l0 x 12 mesh Barnebey Cheney BD charcoal, impre_,mated with H3Pt) 4,
should he c,msi(lel"ed for use in the Apoll_ "Odor and CO.: Removal Canister"
to increa._e its capabili_ for ammonia removal
10-2
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Appendix A
DATA FROM ADSORPTION TESTS
Pertinent data on conditions and results are summarized in Table A- I.
Figures A-1 through A-40 are the dynamic sorption test breakthrough curves.
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LEGEND FOR FIGURE 5-7
A.
E.
F.
G.
H.
I.
J.
K.
M.
N.
O.
P.
Q.
R.
S.
T.
U.
DETECTOR :
OXYGEN OR PREMIXED CONTAMINANT IN OXYGEN
MICROMETER NEEDLE VALVE
FLOW METER (BROOKS CO.)
PRESSURE GAGE (WALLACE & TIERNAN CO.)
VARIABLE LEAK VALVE (GRANVILLE PHILLIPS CO.)
PRESSURE REGULATOR •
CONTAMINANT SOURCE
BELLOWS VALVE (NUPRO VACUUM GRADE)
CONSTANT-VOLUME GAS-SAMPLING VALVE (F&M CO.)
NEEDLE VALVE
VACUUM PUMP (WELCH DUO-SEAL)
HEAT EXCHANGER
MULTI-POINT RECORDER (BRISTOL CO.)
PREHEATER AND REACTOR
TEMPERATURE CONTROLLERS FOR REACTOR (WEST INSTRUMENT CO.)
DIFFERENTIAL PRESSURE GAGE (WALLACE & TIERNAN CO.)
TOGGLE VALVE
WILKENS AEROGRAPH HI-FY GAS CHROMATOGRAPH WITH FLAME
IONIZATION DETECTOR.
5-28
LOCKHEED MISSILES & SPACE COMPANY
